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Geothermal Energy R&D Program EXECUTIVE SUMMARY

EXECUTIVE SUMMARY
INTRODUCTION
OVERVIEW

The Department of Energy (DOE) and its predecessors have conducted research and development (R&D)
in geothermal energy since 1971. To develop the technology needed to harness the Nation's vast
geothermal resources, DOE's Office of Geothermal and Wind Technologies* oversees a network of
national laboratories, industrial contractors, universities, and their subcontractors. The following mission
and goal statements guide the overall activities of the Office of Geothermal and Wind Technologies.

Mission

To work in partnership with U.S. industry to establish geothermal energy as an economically
competitive contributor to the US energy supply.

Goal
e Double the number of States with geothermal electric power facilities to eight by 2006
*  Reduce the levelized cost of generating geothermal power to 3-5 cents per kWh by 2007

e  Supply the electrical power or heat energy needs of 7 million homes and businesses in the United
States by 2010

This Federal Geothermal Program Research Update reviews the specific objectives, status, and
accomplishments of DOE's Geothermal Program for Federal Fiscal Year (FY) 1999. The information
contained in this Research Update illustrates how the mission and goals of the Office of Geothermal and
Wind Technologies are reflected in each R&D activity. The Geothermal Program, from its guiding
principles to the most detailed research activities, is focussed on expanding the use of geothermal energy.

RESEARCH FOCUS

In accordance with the mission and goals, the Geothermal Program serves two broad purposes: 1) to assist
industry in overcoming near-term barriers by conducting cost-shared research and field verification that
allows geothermal energy to compete in today's aggressive energy markets; and 2) to undertake
fundamental research with potentially large economic payoffs.

Since the inception of the Geothermal Program, the Federal government and private industry have worked
closely together - in pursuing promising research directions, and in overcoming difficult technical barriers
- to establish an extensive geothermal knowledge base. Over the past two decades, industry, in turn, has
succeeded in creating an infrastructure that translates research results into marketplace applications. The
DOE/industry partnership guides the DOE research program towards more cost-competitive power
generation from geothermal resources. This partnership assesses the value of long-term research options
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as well. Private-sector inputs to DOE's planning process are critical to a logical, balanced strategy for the
Geothermal Program.

The five categories of work used to distinguish the research activities of the Geothermal Program during
FY 1999 reflect the main components of real-world geothermal projects (Figure 1). These categories are
described briefly here and form the main sections of the project descriptions in this Research Update.

Environment

Conversion
Technology

Reservoir

Exporation Technology

Figure 1. Schematic Diagram of a Geothermal System and its Component Technologies.
Exploration Technology

Most of the U.S. hydrothermal systems with obvious surface manifestations have been explored. New
hydrothermal discoveries will require exploration in frontier areas where the reservoirs are either
concealed or lie at greater depths. Exploration Technology research focuses on developing instruments
and techniques to discover hidden hydrothermal systems and to explore the deep portions of known
systems.

Research in geophysical and geochemical methods is expected to yield increased knowledge of hidden
geothermal systems. Improved exploration techniques and data interpretation methods will facilitate
expanding the geothermal resource base.

Reservoir Technology

The geothermal industry has made progress in devising techniques for characterizing and developing
hydrothermal reservoirs. Nevertheless, reservoir technology still suffers from several major uncertainties,
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such as those encountered in assessing reservoir productivity and sustainability, and in assessing the
extent of field reserves. These uncertainties may lead to overproduction in a field and premature pressure
and production declines. Reservoir Technology research combines laboratory and analytical
investigations with equipment development and field testing to establish practical tools for resource
development and management for both hydrothermal reservoirs and enhanced geothermal systems.

Research in various reservoir analysis techniques is generating a wide range of information that facilitates
development of improved reservoir management tools. Improved geothermal tracer chemicals and tracer
data interpretation techniques will optimize injection strategies and increase resource longevity.
Capabilities for predicting scaling and corrosion have improved markedly with ongoing research in brine
chemistry. Improved methods of numerically modeling reservoirs are increasing the understanding of
fluid flow in geothermal systems.

Drilling Technology

Drilling and completion of wells for exploration, production, and injection account for 20 to 40 percent of
the cost of generating electricity from geothermal resources. Current geothermal drilling and completion
technology derives primarily from the oil and gas industry. This technology is often unsuitable for the
high temperatures, hard rock, and highly corrosive fluids found in the hostile geothermal environment.
Drilling Technology focuses on developing improved, economic drilling and completion technology for
geothermal wells.

Ongoing research to avert lost circulation episodes in geothermal drilling is yielding positive results. Field
testing of prototype packer elements is underway to confine and regulate cementing operations for
recovering from lost circulation. Flow meters capable of measuring flow rates into and out of a well are
being field-tested. Advanced drill bits are under development. Slimhole drilling, which might reduce
exploratory drilling costs by up to 50 percent, will facilitate reservoir confirmation. Cost-shared efforts to
develop memory-based logging instruments and an acoustic telemetry system for downhole
measurements are in progress.

Conversion Technology

The three conversion technologies in current use for electricity generation are: 1) Dry steam conversion,
such as used at The Geysers since 1960; 2) Flash steam plants, favored for liquid-dominated or two-phase
resources when the resource temperature is over 180°C (360°F); and 3) Binary cycles, favored for
moderate resource temperatures in the range of 100°C to 180°C (212°F to 360°F). Dry steam and flashed
steam plants are mature technologies generating cost-competitive electricity in some situations. Binary-
cycle power plant technology is less mature, only recently coming into general use as an economic
conversion alternative. Conversion Technology research focuses on reducing costs and improving binary
conversion cycle efficiency, to permit greater use of the more abundant moderate-temperature geothermal
resource, and on the development of materials that will improve the operating characteristics of many
types of geothermal energy equipment.

Increased output and improved performance of binary cycles will result from investigations in heat cycle
research. High-temperature, scale-resistant, corrosion-resistant, and thermally-conductive liner materials
are being developed for fluid transport systems, heat exchanger applications, and energy conversion
processes. CO,-resistant well cements able to withstand the aggressive chemistry of certain geothermal
fluids are also under development. Biotechnology solutions for geothermal waste disposal are being
refined,
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Direct Use and Geothermal Heat Pumps

This category covers the direct use of geothermal energy sources for applications in other than electrical
production. The Department of Energy and other partners initiated the Geothermal Heat Pump
Consortium (GHPC) in late 1994. The GHPC is a partnership of utilities, geothermal manufacturers,
HVAC vendors, and public agencies whose objective is to overcome market barriers to the widespread
deployment of geothermal heat pumps. In addition, the Geo-Heat Center at the Oregon Institute of
Technology (OIT) provides technical assistance and conducts research for direct use applications. This
work stimulates the utilization of the nation’s low-to-moderate geothermal resources.

* In late 1999, the Geothermal Program became part of the Office of Geothermal and Wind Technologies
within the Office of Power Technologies at the Department of Energy.
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GEOTHERMAL RESOURCE/RESERVOIR INVESTIGATIONS BASED
ON HEAT FLOW AND THERMAL GRADIENT DATA FOR THE UNITED
STATES

David D. Blackwell, Kenneth W. Wisian, Maria C. Richards, and John L. Steele
Department of Geological Sciences, Southern Methodist Univ., Dallas, TX 75275-0395
http:\\www.smu.edu/~geothermal

KEY WORDS

Eastern US, Western US, Geothermal Potential, Temperature, Heat Flow, Thermal Conductivity,
Geothermal Gradient, Western Geothermal Database, Heat Mining.

PROJECT BACKGROUND AND STATUS

This project extends the early geothermal resource evaluations of Muffler (1979) and Reed (1985). The
detailed geothermal data base developed for the Geological Society of America Decade of North
American Geology (DNAG) Geothermal Map of North America (Blackwell and Steele, 1992; Blackwell
et al., 1989, 1991) was expanded and updated in previous projects. Reference to publications about the
previous project are contained in Blackwell et al. (1995). This project was initiated in January 20, 1997
and terminated January 20, 2000. This project's focus is on specific area heat flow and geothermal data
sets in the western United States. The change in emphasize from previous projects is due to the different
nature of the geothermal resource in the high heat flow areas of the western US. This report deals with the
final year of the project.

PROJECT OBJECTIVES

Technical Objectives

The generalized technical objectives of this project are to:

. increase the precision and accuracy of geothermal resource estimates and assessments;
. regionally characterize geothermal resources in the United States.

These objectives are met by the specific technical objectives:

. data base made available for the process of resource evaluation, site specific heat flow, geothermal
gradient, and thermal conductivity information for western United States;

. resources available for aiding in the determination of future exploration sites for geothermal
energy;

. generalized models for the site specific evaluation of resource potential;

. updated heat flow, geothermal gradient and ancillary (thermal conductivity, sediment thickness,

surface temperature, etc.) data bases and maps for the US as new thermal data are published;

. development and operation of an Internet web page with results of the project available in the form
of downloadable data and examples of mapping using the results.
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Expected Outcome

. First, develop the specifications and data for a site specific heat flow and geothermal gradient data
base for the western US;

. Second, exploration and evaluation models for Basin and Range geothermal systems;
. Third, a digital representation of where the heat flow data is for the western US;
. Fourth, an updated heat flow data base and a series of digital data bases designed to estimate

temperature in the depth range 3 to 5 km at a horizontal resolution of about 5 km over the US;
. Fifth, an Internet home page: the address is http://www.smu.edu/~geothermal.
APPROACH

The focus of this project expands to more complex geothermal conditions in the western Cordillera. As a
consequence the types of information for individual wells and thus geothermal systems are greatly
expanded. The data for the resource analysis in the western US have been collected from a variety of
published and unpublished sources. A large number of formerly unavailable company temperature
gradient and heat flow exploration data, along with the public domain data openly available in papers and
open-file reports were collected, compiled and synthesized. For increased reliability of the data set, a
separate verification of the data base was completed using original sources such as well logs and reports.

Geothermal resource estimates and assessments by this and other projects are supported by making
available the most up to date heat flow, geothermal gradient, and thermal conductivity information in
useful digital formats. Distribution of the results in digital form via the World Wide Web on the Internet
is part of the project. Although this is the final year of the project, the web site will continue to be
updated. There are already over 1000 additional data points collected for future incorporation in the data
base.

RESEARCH RESULTS

Geothermal System Heat flow and Thermal Properties Data Base. This new data base is an extension
of Regional Heat flow and Thermal Properties Data Base of heat flow measurements in the (DNAG)
1:5,000,000 Geothermal Map of North America (Blackwell et al., 1989, 1992, 1996). That data set has a
total of 2191 sites throughout the United States.

One of the main project results is development of a geothermal system specific, thermal well, data base.
The ideal set of information for each geothermal gradient/heat flow exploration site includes maximum
and bottom hole temperature, depth range(s) of each well, area location (by latitude /longitude and
township/range), a thermal gradient(s), heat flow, lithology, and a reference (or references) to any
publication of the results as well as the source of the original thermal data. Figure 1 is a map showing all
the geothermal system areas corresponding to Table 1. Table 1 shows the well sites location currently
available on the web site.

There are 5206 individual well sites in the Western Geothermal database. Each of these has at least one
gradient value and latitude/longitude locator; many of the sites have multiple gradient values and
lithologies to match. Other related parameters that more than a third of these sites contain are bottom hole
temperatures, heat flow and conductivity. There are overview charts of the data listed here on the web
site.
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Quantitative analyses made. Preliminary results of the analysis of the database were described by
Wisian et al. (1999). They found that 95% of the geothermal systems with temperatures over 150°C occur
in areas where the regional heat flow is greater than 80 mWm™. This result can be attributed to two
factors. Young magma chambers will be found in areas with high regional heat flow as high temperature
conditions are required at depth to generate magmas. Secondly, for geothermal systems related to deep
circulation of water rather than localized magma systems, there seems to be a “maximum” depth of
circulation of about 6 km. Thus the higher the heat flow in an area, the higher will be the temperature
experienced by the deeply circulated water.

While it has been recognized that there is a frequent association of geothermal systems in the Basin and
Range with faulting, the degree of correlation was qualitative. Merging the geothermal well database with
a compilation of geologically recent faulting (Raines et al., 1996) shows the degree of correlation between
the two. Combining the two databases shows that 90% or more of major known geothermal systems are
within 3 km of late Pleistocene or younger faults (Figure 2). This correlation suggests that future
exploration in the region should include young faults as a key indicator. One of the better examples of the
close association of historic faulting and geothermal systems is Dixie Valley, Nevada where there is
geothermal production immediately to the north of a 1954 surface rupture zone (Bell and Katzer, 1987).
The close association between recent faulting and the existence of geothermal systems suggests that
recent faulting is a requirement for system development (due to the effect of self-sealing) and that future
exploration in the region should include young faults as a key indicator.

Web Page Data. A major part of the dissemination of the results is the availability of the data in spread
sheet form and downloadable from our home page at: http:\\www.smu.edu/~geothermal. This site
contains the database, reference lists, and US maps of various kinds. The individual geothermal system
analysis results will be available on the site as well. Examples of site specific geothermal anomaly maps
generated using the data base are shown for Black Rock Desert, McCoy, Desert Peak, and Grass Valley,
Nevada.

FUTURE PLANS

This year completes the project. There are already more data sites being collected for additional entry to
the regional geothermal data base. There is a new project to update the DNAG United States geothermal
map and this will also generate new data and use the data from the Western Regional data base. We will
continue to keep updated results available by operating the web page and respond to inquiries generated
from this site.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER
We have had an increasing number of inquires from Internet contacts and conventional contacts for
information on temperatures and geothermal gradients. The data set on the web has been used by at least

8 groups that have sent us specific comments. Some specific interests in the results are:

Organization Type and Extent of I nterest

Shell, The Hague, Dry Hot Rock Resource Potential & Characteristics
Shell, Houston, Temperatures at 1, 2, 4 km Depth, US

Exxon Exploration, Houston, Geothermal Map of North America

American Electric Power Ground Temperatures

Geological Survey of Columbia Thermal Mapping

Geoheat Center Geothermal Gradients in US

Energy Laboratory, MIT Temperature for Heat Mining Economic Analysis
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MultiMax Sediment Thickness and Temperature

National Energy Resources Lab Geothermal Gradients in US

K-12 Educators Classroom project assistance

International Universities Geothermal Gradients and Thermal Mapping

USGS, cave divers Temperatures at specific Depths,

Lawrence Livermore Nat. Lab. Detailed site specific information

Small Business/companies Ground water temperature map

Individuals Home owners and student projects
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Figure 1. Geothermal areas listed in Table 1. Areas shown have multiple
sites within them. Not shown in figure are single well locations.
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Table 1. Western United States geothermal area locations.

Geothermal L ocations LAT LONG Map# Geothermal Locations  LAT LONG Map#
Safford Basin, Arizona 32.75 -109.67 1 Paradise Valley, Nevada 41.07 -117.51 68
Pinto Mountain, Nevada 41.36  -118.79 69
29 Palms, California 34.18 -116.01 2 Pumpernickel Valley, Nevada 40.77  -117.49 70
Alturas Basin, California 4147 -120.53 3 Ruby, Nevada 40.55 -115.28 71
Beiber, California 41.15 -121.06 4 San Emidio, Nevada 40.45 -119.41 72
Brawley, California 33.08 -115.50 5 Shellbourne, Nevada 39.76 -114.81 73
Cactus, California 3292 -11598 6 Shoshone, Nevada 39.89 -117.15 74
Coachella Valley, California 3345 -116.06 7 Soda Lake - Stillwater, Nevada 39.54 -118.83 75
Coso Hot Spring, California 36.04 -117.82 8 Soldier Meadows, Nevada 4146  -119.79 76
Death Valley, California 36.51 -116.82 9 Truckee Meadows, Nevada 39.53 -119.76 77
Desert Hot Springs, California 3396 -116.50 10 Tuscarora, Nevada 41.47 -116.17 78
East Mesa, California 3279  -11523 11 Wells, Nevada 41.11 -114.97 79
Geysers-Clearlake, California 38.75  -122.83 12
Heber, California 32.72  -115.50 13 Albuquerque, New Mexico 35.65 -106.70 80
Lake Elsinore, California 33.68 -117.33 14 Animas, New Mexico 32.07 -108.93 81
Long Valley, California 37.65 -118.86 15 Baca - Valles Area, New Mexico 35.89  -106.57 82
Medicine Lake-Glass Mtn., CA 41.61 -121.85 16 Cabezon, New Mexico 35.52 -107.13 83
Mojave Desert, California 35.05 -117.30 17 Florida, New Mexico 32.50 -107.52 84
Randsburg, California 3533 -117.50 18 Las Alturas, New Mexico 3229  -106.78 85
Saline Valley, California 36.75 -117.80 19 Las Cruces, New Mexico 32.53 -107.00 86
Salton Sea, California 33.13 -115.41 20 Ojo Caliente Warm Springs, NM 36.30 -106.04 87
San Bernardino-Harlem HS, CA 34,12 -117.23 21 Otero County, New Mexico 3239  -106.28 88
Surprise, California 41.67 -120.12 22 Rio Grande Rift, New Mexico 32.68 -107.05 89
Susanville, California 40.41 -120.65 23 San Diego Grant, New Mexico 35.75 -106.66 90
Wendel-Amedee- Honey Lake, CA 40.32 -120.23 24 Socorro, New Mexico 34.02 -107.04 91
Strauss, New Mexico 31.92 -106.70 92
Canon City, Colorado 38.48 -105.19 25 Tres Montosas, New Mexico 34.15 -107.48 93
Durango, Colorado 37.15 -107.92 26 Zuni , New Mexico 3527 -108.63 94
San Luis Valley, Colorado 37.70 -105.96 27
Beulah, Oregon 43.88  -118.17 95
Bayhorse, Idaho 44.40 -114.32 28 Borax Lake - Alvord Valley, Oregon ~ 42.33  -118.58 96
Blackfoot, Idaho 42.75 -111.60 29 Breitenbush, Oregon 44.67 -122.67 97
Boise, Idaho 43.62 -116.18 30 Burns, Oregon 43.72 -118.86 98
Franklin County - Maple Grove, Idaho 4233 -111.73 31 Cascades, Oregon 44.10  -122.00 99
Grandview, Idaho 42.88 -116.06 32 Crater Lake, Oregon 42.90 -121.99 100
Madison County, Idaho 43.79 -111.78 33 Glass Butte, Oregon 43.83  -120.00 101
Magic Reservoir - Snake Rv. Plains, ID  42.80 -115.50 34 La Grande, Oregon 4522  -117.87 102
Newdale, Idaho 4394 -111.53 35 Mount Hood, Oregon 4535 -121.75 103
Preston - Bear River Prospect, Idaho 42.17 -111.95 36 Newberry , Oregon 4385  -121.25 104
Raft River, Idaho 42.08 -113.55 37 Santiam Pass, Oregon 44.25 -121.50 105
Twin Falls and Jerome Counties, Idaho 4241 -115.55 38 Vale, Oregon 43.90 -117.14 106
Deer Lodge, Montana 46.75 -113.90 39 Hueco Tanks, Trans-Pecos, Texas 31.99 -106.10 107
Marysville, Montana 46.75 -112.37 40 Marfa, Texas 30.54 -104.44 108
Texton - Ennis Geothermal Area, MT 4537 -111.73 41 Presidio Bolsum, Texas 2997 -104.65 109
White Sulfur Springs, Montana 46.45 -111.99 42 Rio Grande Valley, Texas 31.00 -105.02 110
Salt Basin, Texas 31.83 -104.66 111
Baltazor and McGee, Nevada 41.92 -118.73 43 Van Horn, Texas 31.36  -105.62 112
Beowawe, Nevada 40.56 -116.60 44
Big Smokey Valley Area, Nevada 38.81 -117.19 45 Best, Utah 38.88  -112.49 113
Black Rock Desert, Nevada 40.70 -119.35 46 Cove Fort Sulphurdale, Utah 38.57 -112.57 114
Buena Vista Valley, Nevada 40.36  -117.35 47 Crystal Hot Springs, Utah 40.49  -11191 115
Caliente, Nevada 37.62 -114.37 48 Escalante Desert, Utah 38.09 -113.14 116
Carson - Eagle Valley, Nevada 39.16 -119.77 49 Eureka, Utah 39.95  -112.05 117
Carson Sink, Nevada 39.67 -118.67 50 Fifth Water, Utah 40.10 -111.31 118
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Colado, Nevada 40.24 -118.43 51 Hill Air Force Base, Utah 41.08 -111.96 119
Coyote Springs, Nevada 37.83 -114.97 52 Little Drum - Keg Mountains, Utah 3948  -113.13 120
Deeth, Nevada 41.23 -115.27 53 Little Mountain, Utah 41.59 -112.25 121
Desert Peak-Brady Hot Springs, Nevada 39.78 -119.00 54 Midway, Utah 40.53 -111.47 122
Dixie Valley, Nevada 39.86 -118.01 55 Monroe-Red Hill, Utah 38.63 -112.11 123
Excelsior, Nevada 38.33 -118.59 56 Newecastle, Utah 37.66 -113.57 124
Fallon NAS - Carson Lake, Nevada 39.41 -118.62 57 Roosevelt Hot Springs, Utah 38.51 -112.84 125
Fish Lake -Alum - Emigrant, Nevada 37.86 -118.08 58 Spor Mountain, Utah 39.72  -113.22 126
Fly Ranch, Hualapai Flat, Gerlach, NV 40.83 -119.33 59 St. George Basin, Utah 37.05 -113.53 127
Hawthorne, Nevada 38.54 -118.66 60 Twin Peaks, Utah 38.74  -112.75 128
Humboldt House - Rye Patch, Nevada 40.55 -118.25 61

Jersey Valley, Nevada 40.20 -117.48 62 Baker Mountain, Washington 48.76  -121.81 129
Kyle Hot Springs - Granite Mountain, NV 40.36 -117.90 63 Ohanapecosh, Washington 46.66  -121.51 130
Leach Hot Springs-Grass Valley, NV 40.55 -117.61 64

MacFarland Hot Springs, Nevada 40.01 -118.77 65 Cody, Wyoming 4450  -109.00 131
McCoy, Nevada 39.85 -117.53 66 Laramie, Hanna & Shirley Basins, WY 42.40  -106.45 132
Moana -Steamboat Springs, Nevada 39.39 -119.76 67 Yellowstone National Park, Wyoming 44.46  -110.44 133
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Figure 2. The faults are shown as lines of varying thickness and color. The lighter (pink) the line the
younger the fault, starting with Historic and the darkest (green) lines represent Late Pleistocene faults.
The circles represent gradients with the hottest ones are largest. Geothermal springs are represented by a
dot with a tail (golden color).
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DEVELOPMENT AND APPLICATION OF 3-D SEISMIC
IMAGING METHODS FOR GEOTHERMAL ENVIRONMENTS

M. Feighner, E.L. Majer, R. Gritto, and T.M. Daley
Lawrence Berkeley National Laboratory

KEY WORDS
Seismic imaging, 3-D reflection imaging, geophysics
PROJECT BACKGROUND AND STATUS

As part of DOE’s program in geothermal research, Lawrence Berkeley National Laboratory (LBNL) has
been cooperating with The Industrial Corporation (TIC) and Transpacific Geothermal Inc. (TGI) to
evaluate and apply modern state-of-the-art seismic imaging methods for geothermal reservoir definition.

The overall objective of the work was to determine if modern off-the-shelf techniques in three-
dimensional surface seismic profiling could be successfully applied in geothermal environments. If not,
could they be modified to derive useful information on reservoir structure. Past efforts using 2-D seismic
reflection have proved marginally successful in some cases but due to extreme heterogeneity in many
geothermal areas 2-D seismic has not been cost effective.

The region chosen to test these techniques was the Rye Patch field in Northern Nevada. Initial geothermal
exploration efforts in the area in the late 1980s and early 1990s resulted in one successful well (44-28);
the other wells were either too cold or had not enough fluid flow. In 1997 TGI proposed a 3-D seismic
survey to determine the geologic structure on the (hypothesized) fault-controlled reservoir. This would
possibly be the first application of the 3-D seismic method to a geothermal field and therefore of interest
to the entire geothermal community.

Although the 3-D seismic method has proven an integral part of modern oil and gas exploration efforts,
the heterogeneous and hydrothermally altered nature of geothermal reservoirs makes all seismic imaging
more difficult. It was not known how well the methods routinely used in the petroleum industry could be
transferred to the geothermal environment.

Before conducting a full-scale 3-D survey, however, DOE contracted LBNL to investigate the reflectivity
of the target zone in order to assess the viability of reflection seismic imaging in the Rye Patch area.
Therefore in December 1997, LBNL obtained a vertical seismic profile (VSP) in well 46-28 (see Figure
1) to determine the seismic reflectivity in the area and to obtain velocity information for the design and
processing of the proposed 3-D seismic survey (Feighner et al., 1998). Because the results of the VSP
indicated apparent reflections, TGI proceeded with the collection of 3.0 square miles of 3-D surface
seismic data over the Rye Patch reservoir in July of 1998. In FY-1999 the effort focused on processing
and interpreting the 3-D seismic data as well as transferring the results to the industry for application.

RESEARCH RESULTS

The 3-D surface seismic survey was conducted to provide as much resolution (50 foot-bin sizes) in order
to explore in as much detail as possible the structure of the Rye Patch geothermal reservoir. It was
assumed that relatively small elements (i.e., fractures, faults) are important features controlling the
productivity of the reservoir.
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The receiver group interval was 100 feet and the receiver line spacing was 800 feet. The source interval
was 100 feet, while the source line spacing was 400 feet. The sources were comprised of four vibrator
trucks arranged in a box array. A variety of array tests and noise tests were performed before the survey
was conducted to optimize the acquisition parameters. The seismic processing involved, among other
steps, the picking of over 700,000 of the possible 1 million traces to determine first arrival travel time,
normal move out correction, 3-D stack, deconvolution, time migration, and depth conversion.

The seismic processing included field statics to smooth sudden changes in elevation, followed by a
bandpass filter and automatic gain control. Stacking velocities were picked for several horizons. After
normal move-out correction and 3-D stack, a coherency filter was applied to the stacked data to enhanced
the strength of the weak reflectors. This was followed by a time migration using smoothed stacking
velocities that were shifted to the final datum of 4735 feet above sea level. The time data was finally
converted to depth using 103 % of the VSP velocities. These VSP velocities provided a match between
the top of the clastic unit (the feature identified in the VSP data to be a good reflector) on the VSP and the
center of the wavelet on the reflection data.

Using the VSP velocities to convert from time to depth was appropriate at the well; however, the
velocities certainly change with distance away from the well. Therefore, the calculated depths away from
the well are only approximate and the uncertainty could easily approach several hundreds of feet. The
only other alternative would have been to use a percentage of the stacking velocities. However, the
stacking velocities would have been unreliable for depth conversion and we believe the resulting errors in
depth would have been much greater than using the extrapolated VSP velocities. Additional VSP wells
would have been useful in adding control to the depth conversion process and we would recommend this
for future 3-D seismic surveys in geothermal areas

Travel Time Tomography

From the beginning of the project it was believed that 3-D heterogeneity in the near surface and the
subsurface due to tectonic activity and hydrothermal alteration would combine to reduce the effectiveness
of standard 3-D seismic processing. The goal to understand the near-surface heterogeneity led us to
attempt tomographic analysis using first arrival times. These times represent a 3-D experiment
independent of the Common Midpoint (CMP) reflection processing, one which probes the shallow region
of the reservoir. Before analysis could begin the first arrival travel time data set had to be constructed.
Since standard industry automatic time picking algorithms could not be applied, it was decided to hand-
pick the first arrivals in the seismic data.

The original idea of a 3-D data volume of estimated P-wave velocities throughout the survey area had to
be abandoned because of the nature of the survey geometry and the data acquisition process. While all
12 receiver lines had 87 or more receivers in the north-south direction, there were only 12 receiver lines
in the east-west direction. This geometry prevents any reasonable resolution of inversion estimates in the
E-W direction. Furthermore, only the four nearest receiver lines in the immediate vicinity of the source
locations recorded these shots. Therefore, only the lines in the N-S direction were processed, and 2-D ray
tracing and travel time inversions were performed along these lines.

An initial velocity model which resembled the estimated velocity profile of the VSP survey was created.
The 2-D ray-tracing algorithm is based on the shooting method, while the inversion uses a back projection
algorithm. Although inversions were done for all 12 receiver lines, reliable results were only obtained for
few of them. Clear first-arrival energy for intermediate distances was missing in the data of most lines.
This lack of first-arrival time picks results in poor ray coverage at intermediate depth. Since the ray
coverage was always poor for depths below 1500 ft, the missing time picks limited reliable velocity
estimates to the upper 500 feet.
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DISCUSSION AND CONCLUSIONS

The 3-D seismic reflection data provided interpretable results for a depth range below 500 ft, whereas the
tomographic travel time inversion produced reliable results down to 500 ft only. The first notable result of
the 3-D seismic processing is that neither refraction nor reflection static corrections helped to increase the
data quality. The refraction static processing was unsuccessful because near-offset first-break arrivals
were weak and could not be determined for most shots locations. On the other hand, the target horizon for
reflection statics (the clastic unit at depth) revealed incoherent reflections throughout the receivers lines,
likely caused by faulting throughout the reservoir area. However, estimating correct surface statics could
improve the Common Depth Point (CPD) image.

The depth mapping of the time migrated data was based on velocity values equal to 103 % of the VSP
velocities. This approach lined up the reflection of the clastic unit in the VSP and reflection data at depth.
However, these velocities are only valid in the vicinity of the VSP well, and have to be extrapolated at
greater distance from it. We still feel that this method is more exact than using stacking velocities, which
are questionable due to the lack of horizontal continuity of the reflectors at depth. An interpreted section
of the 3-D results is shown in Figure 2.

The travel time tomography results indicate a possible graben structure along crossline 93, bound by two
faults to the South and North. This interpretation is partially supported by the reflection seismic results,
which indicate the presence of the southern fault of the hypothetic graben structure. The lack of first-
arrival energy from the far offset shots in the shadow of the graben structure supports the tomography
results as the graben faults may inhibit the waves on their propagation across this feature.

FUTURE WORK

This initial attempt at using 3-D seismic techniques in geothermal environments is very encouraging,
especially considering the geologic characteristics of the Rye Patch area and the fact that rather standard
industry practices were used. Future work will concentrate on using less standard but still commonly
available techniques for complex media. Current technology and research in the oil-and-gas sector aimed
at naturally fractured rock could possibly provide a large base to work upon for geothermal environments.
It is clear that the highest resolution methods will be required for successful geothermal application, thus
implying coupling with borehole methods such as VSP, crosswell and single well.

INDUSTRY & TECHNOLOGY

The project has been a joint effort with The Industrial Corporation and Trans-Pacific Geothermal Inc. The
results are currently being used for locating a new well in the Rye Patch geothermal field.
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Figure 1. Location of the Rye Patch geothermal field with the area of the 3-D survey indicated by the
black square. The VSP well 46-28 is located within the Rye Patch anomaly.
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Figure 2. Interpreted North-South section (C-C’ in Figure 1) across the Rye Patch field. In general, the
clastic unit has poor reflectivity in the area of interest around the production well. The unit is more
coherent to the South and appeared to terminate just North of VSP Well 46-28. This discontinuity is
generally very distinct on many north-south crosslines and could be the location of a reservoir fault. This
fault has been interpreted from the seismic data (GeothermEx, 1997 SE Fault) in conjunction with a
second interpretation (SE Fault, after Teplow, 1999). The figure shows a final migrated depth section
(crossline 93). The boreholes and the fault interpretations are superimposed for reference purposes.
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PROJECT BACKGROUND AND STATUS

The current project, which has been ongoing since FY91, provides expertise on geothermal exploration
and reservoir processes and provides chemical analyses, bulk gas analyses, and selected isotope analyses
for several interagency, DOE geothermal efforts. During FY99, we worked on projects in Dixie Valley
(NV), Steamboat Springs (NV), The Geysers-Clear Lake region (CA), the Cheyenne River Sioux
Reservation (SD), and Awibengkok (Indonesia), and provided analyses for private contractors concerned
with geothermal resource assessment in the international arena. In FY99, the total number of chemical
and isotopic analyses obtained by our laboratories exceeded 450. We collaborated with Lawrence
Livermore National Laboratory, Lawrence Berkeley National Laboratory, Earth and Geosciences
Institute, Oxbow Power Services, Inc., Calpine Geothermal Corp., Caithness Power, Inc., the US
Environmental Protection Agency, NRECA, Geothermal Management Company, and the US Bureau of
Indian Affairs.

FY99 highlights included continuation of a series of investigations at Dixie Valley to: 1) evaluate fluid
origins and rates of recharge to the geothermal system; 2) determine origin, dimension, and growth-rate of
a new fumarolic area north of the power plant (the “dead zone”); and 3) monitor temporal geochemical
changes in production fluids. Within The Geysers-Clear Lake region, we 1) continued our investigation of
increased fumarolic activity in thermal manifestations at Anderson Springs; 2) continued our gas flux and
mercury transport studies at Sulphur Bank Mine; and 3) produced reports on gas compositions from The
Geysers geothermal field. At the request of the US BIA, we performed a one-time assessment of low-
temperature resource potential at the Cheyenne River Sioux Reservation. We contributed to a study of
hydrothermal breccias at Awibengkok geothermal system, Indonesia. We organized an upcoming special
issue of Chemical Geology on CO, flux in geothermal and volcanic environments. We published our
results in several venues and contributed an invited chapter on “Geothermal Systems” for the reference
book Encyclopedia of Volcanoes.

PROJECT OBJECTIVES

This project produces and uses geochemical data to infer the structure of geothermal reservoirs, estimate
subsurface temperatures, and identify processes that cause temporal changes in fluid compositions. Our
primary objectives are to: 1) provide comprehensive major/trace element analyses, bulk gas analyses, and
isotope analyses of fluids, dissolved constituents, and minerals on samples collected for geothermal
projects sponsored by the U.S. Department of Energy; 2) provide geothermal/geochemical exploration,
modeling, and monitoring expertise for the above projects as required.
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Technical Objectives
. Complete study of regional recharge to the Dixie Valley geothermal system.

We have systematically collected samples of streams, cold and thermal springs, domestic wells, irrigation
wells, and exploration wells in Dixie Valley, adjacent valleys, and surrounding mountains during two
fiscal years to determine sources and ages of reservoir fluids. We have completed the following analyses
on three suites of samples from about 50 sites around the region: bulk chemistry, water isotopes, some

tritium, 0 of dissolved SOy, B¢ of dissolved inorganic carbon (DIC), Hc DIC, 36Cl, Sr 87/86, and U-Th
disequilibrium. Our contributions to this research were presented at the 1999 GRC annual meeting which
won a Best Paper Award (Nimz et al., 1999).

. Complete study of CO, flux and temperature distribution in the Dixie Valley “dead zone."

In-situ measurements of soil CO, have greatly progressed since the invention of portable devices that
report real-time concentrations and fluxes of this important diagnostic gas. At Dixie Valley, a new zone of
fumarolic activity and plant kill formed in 1996, between the Stillwater Fault and the northern section of
the geothermal field. In FY98 we began monitoring temperature, CO, concentrations and flux in this zone
to determine its dimension, growth-rate and seasonal variation (Bergfeld et al., 1998; Bergfeld et al., in
prep.). Discussions with other scientists and technical experts were initiated on the problem of CO, flux
measurements in geothermal and volcanic environments. We organized a Special Session at the
December 1998 Fall Meeting of AGU (FY99) to bring together national and international scientists to
explore this issue. From this we organized a special volume of the journal Chemical Geology to publish
research results on this topic.

. Complete study of temporal variations in production-fluid chemistry, Dixie Valley.

The Dixie Valley geothermal field has been operational since 1988. Injection of spent brine began shortly
after production commenced and has been continuing to present. Over the lifetime of the field, the
production-fluid composition has significantly increased in chloride and heavy water isotopes and
decreased in noncondensible gas concentrations, indicating co-production of injectate. Returning injectate
will eventually cool the reservoir. It is therefore necessary to quantify the volume of injectate co-produced
with the indigenous reservoir fluid and the rate at which this volume increases in order to predict the
likelihood or onset of cooling. Fluid chemistry is more sensitive than temperature to the emergence of
injectate in production fluids. In FY98 and FY99 fluids were collected from production and injection
wells to perform comprehensive chemical and isotopic analyses. Data obtained were compared with data
provided by Oxbow on samples collected from 1986 (pre-production) through 1996 in order to evaluate
the present reservoir conditions. We contributed to a report on quantification of injection returns
(Kennedy et al., 1999).

. Continue our investigations of rapid physical changes at the Anderson Hot Springs area, Southeast
Geysers.

Rapid temperature increases in existing springs, formation of new fumaroles, tree kill areas, and changes
in gas flux and composition document possible links between surface geothermal features and the
subjacent vapor-dominated geothermal reservoir. Some members of the village of Anderson Springs have
raised questions concerning environmental impacts (Goff and Janik, 1999; Janik et al., 1999).

. Continue our investigations of gas and mercury flux from the Sulphur Bank Mine geothermal
system.
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Sulphur Bank Mine contains a subjacent geothermal reservoir (215°C) that has not been commercialized
for several reasons. Historically, SBM has been the 6 largest mercury mine in the US. It is located on the
shore of Clear Lake, the largest fresh-water lake wholly contained within California. SBM became a
Superfund Site in the early 1990s. The US EPA wants our research on gas and Hg flux at SBM to
continue so that they can formulate an appropriate environmental model and remediation plan for the site.

. Publish data reports on the chemistry and isotopic composition of gases from The Geysers steam
wells (Lowenstern et al., 1999a; 1999b).

. Provide a one-time geothermal assessment of the Cheyenne River Sioux Reservation (SD).

The reservation contains several deep geothermal aquifers that have been tapped by water and oil wells.
Because the local economy is depressed, the US BIA requested that we provide an evaluation of the
geothermal potential. We published a report on geothermal potential in the reservation, which won a Best

Paper Award at the 1999 annual GRC meeting (Bergfeld et al., 1999).

. Contribute to a report on hydrothermal breccias in the Awibengkok geothermal system, Indonesia
(Hulen et al., 1999).

. Provide high-quality analyses and data interpretations for DOE-sponsored geothermal projects on
sites of interest in Bolivia, Peru, Argentina, and the Caribbean.

. Publish chapter on Geothermal Systems for Encyclopedia of Volcanoes (Goff and Janik, 2000).
Publish other results as listed.

. Supervise the Ph.D. project of D. Bergfeld (University of New Mexico).

Ms. Bergfeld has now completed a paper on CO, systematics in The Geysers-Clear Lake region and is
writing papers on CO, flux at Dixie Valley and Sulphur Bank Mine to complete her dissertation
requirements (Bergfeld et al., in press; in prep.).

Expected Outcomes

. Perform chemical and isotopic analyses for DOE-sponsored projects. The analyses are necessary to
understand fundamental reservoir parameters and processes.

. Contribute to international geothermal exploration that may identify energy sources for under-
developed countries in need of electricity.

. Research the effects of natural geothermal processes and manmade geothermal developments on
ecosystems and drinking water.

. Complete the special volume of Chemical Geology on CO, flux measurements in geothermal and
volcanic environments (primary editor: D. Bergfeld).

. Publish data reports and journal manuscripts accessible to the geothermal community.
APPROACH

General Statement: We explore for new geothermal systems and obtain basic knowledge of existing
systems using geochemical methods. We collect and analyze fluids and minerals to characterize regional
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and reservoir fluid properties, define boundary conditions such as reservoir age and fluid sources, and
determine if newly explored sites justify exploration drilling. In developed fields, we determine processes
related to fluid extraction and injection, model scaling/corrosion potential, evaluate parameters that affect
reservoir productivity and lifetime, and provide geochemical insights to help manage resources and
improve reservoir performance (energy output). Our work provides the US geothermal community with
data and interpretations that aid in making development and environmental policy decisions, increasing
domestic profits and improving the competitive edge abroad.

Dixie Valley Investigations: We are completing three geochemical investigations at Dixie Valley:
1) monitor changes in chemical and isotopic compositions of production fluids to identify reservoir
processes; 2) determine reservoir fluid origins, age, and rate of recharge; and 3) determine dimensions,
growth-rate, and source of a zone of plant kill and fumarolic activity north of the power plant. Two
sampling trips were conducted in FY99.

Note: We are working cooperatively with Lawrence Livermore National Laboratory, Lawrence
Berkeley National Laboratory, and Energy Geosciences Institute on the Dixie Valley projects. We
do not expect problems now that ownership of the field has been transferred from Oxbow Power
Services, Inc., to Caithness Power, Inc.

CO, flux measurements: This new domain of research uses portable instruments to obtain real-time data
on CO, concentration and flux. We have conducted studies at The Geysers-Clear Lake area (Bergfeld et
al., in press) and are completing an investigation at Dixie Valley (Bergfeld et al., 1998; in prep.) to
determine the practicalities and potential of these methods for geothermal exploration and monitoring. A
special volume of Chemical Geology (to be published in late FY2000) will be devoted to this research
topic.

The Geysers-Clear Lake region: In late FY99, we received inquiries about possible changes in thermal
manifestations around Anderson Springs, located near the Southeast Geysers geothermal field. We
conducted a literature search and reviewed our own data files, which revealed that the temperature of
Anderson Spring ranged from 42 to 63°C between 1889 and 1992, but measured about 77°C in 1995.
When we returned in September 1998 to investigate the area, we measured boiling temperatures (about
99°C) and identified a new fumarole area, and collected samples for chemical and isotopic analysis. We
initiated dialogue with local residents and contacted Calpine Corporation for further information to
determine the cause and significance of these observations. As of late 1999, the fumarole area had slightly
expanded and had apparently killed nearby trees (Goff and Janik, 1999; Janik et al., 1999).

We also have been continuing our CO, and Hg flux research at the Sulphur Bank Mine Superfund Site in
conjunction with the US EPA. We conducted one sampling trip in FY99. They need a geothermal model
to appropriately remediate this Superfund Site.

RESEARCH RESULTS

Dixie Valley Recharge: Chemical and isotopic analyses of Dixie Valley regional waters indicate several
distinct groups ranging in recharge age from Pleistocene (<20 ka) to recent (<50a). Valley groundwater is
older than water from perennial springs and artesian wells in adjacent ranges, with Clan Alpine range
(east) much younger (<50a) than Stillwater range (west; most >1000a). Geothermal reservoir fluids
(~12 to 14 ka) are derived from water similar in composition to non-thermal groundwater observed today
in valley artesian wells (also ~14 ka). Geothermal fluid interaction with Jurassic mafic rocks (Humboldt
Lopolith) appears to be common, and significant reaction with Cretaceous granodiorite may also occur.
Despite widespread occurrence of Paleozoic carbonate rocks, large-scale chemical interaction appears
minor. Age differences between the ranges, more extensive interaction with deep-seated waters in the
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west, and distribution of springs and artesian wells suggest the existence of a regional upward hydrologic
gradient with an axis in proximity to the Stillwater Range (Nimz et al., 1999).

Dixie Valley “Dead Zone:” A map of the CO, flux across the newly formed area of plant kill and hot
ground in the NW part of the Dixie Valley geothermal system was constructed to monitor potential
growth of a fumarole field. Flux measurements were recorded using a LiCor infrared analyzer. Sample
locations were restricted to areas within and near the dead zone. The data delineate two areas of high CO,
flux in different topographic settings. Older fumaroles along the Stillwater Range front produce large
volumes of CO, at temperatures near boiling. High CO, flux values were also recorded at sites along a
series of recently formed ground fractures at the base of the dead zone. The two areas are connected by a
zone of partial plant kill, moderate CO, flux, and elevated temperatures on an alluvial fan. Results from

this study indicate a close association between the range front-fumaroles and the dead-zone fractures
(Bergfeld et al., 1998; in prep.).

Dixie Valley Reservoir Variations: Chemical, stable isotope, and noble gas data can be used to
quantitatively assess the recycling of injectate fluids. In the Sec. 7 area there is an apparent continuous
recycling of injectate, increasing at 5 to 7 % per year. Currently, the Sec. 7 wells produce fluid that is
between 60 and 100% recycled injectate, which when combined with the total volume of fluid injected
provides an estimate of the circulating fracture volume (~0.12 km’). In the Sec. 33 area, chloride
concentrations increased over the first four years of production suggesting that as much as 60% of the
produced fluid was recycled injectate. Since then chloride has steadily decreased, such that currently only
37% of the production fluid can be recycled injectate (Kennedy et al., 1999).

The Geysers-Clear Lake region:

We published our preliminary observations and data concerning physical and chemical changes at
Anderson Springs (Goff and Janik, 1999; Janik et al., 1999).

We contributed to publication of a database on gas geochemistry at The Geysers steam field (Lowenstern
etal., 1999a; 1999b).

Three Geothermics manuscripts summarizing carbon isotope systematics, thermal modeling, and K-Ar
dating of illites in the region are in press (Bergfeld et al., 2000; Stimac et al., 2000; and WoldeGabriel et
al., 2000).

Cheyenne Sioux Indian Reservation:

A report on low-temperature geothermal potential of the reservation was published (Bergfeld et al., 1999).

Awibengkok, Indonesia:

A paper on hydrothermal breccias in the Awibenkok geothermal system was published (Hulen et al.,
1999).

Book Chapter, Geothermal Systems:

An invited review was published in the Encyclopedia of Volcanoes (Goff and Janik, 2000).
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FUTURE PLANS

In FY2000 we will complete our various collaborative investigations of the Dixie Valley geothermal
system, as described above. The results will be used to: 1) complete models of scaling processes and to
offer solutions for preventing scaling and corrosion, 2) determine indigenous reservoir-fluid origins and
age, and 3) evaluate the effects of injection and production (joint studies, LANL - USGS - LLL- LBL -
EGI - Oxbow Power Services, Inc.). Data will be made available to collaborators; results and
interpretations will be presented at appropriate scientific meetings and published in suitable journals.

In FY2000 we will: 1) continue our investigations on environmental impacts of two geothermal systems
in The Geysers-Clear Lake region; 2) analyze geothermal fluid samples from other DOE-sponsored
geothermal sites, as required; 3) publish a special volume on CO7 flux in volcanic and geothermal
environments in Chemical Geology, and 4) complete a journal article summarizing geochemistry of
magmatic, metamorphic, and connate fluids in The Geysers-Clear Lake region.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER (1997 to present)

Organization Type and Extent of Interest
Caithness Power, Inc. Modeling/tracer studies, Steamboat Springs
Calpine Corporation The Geysers-Clear Lake studies
Geothermal Management Co. Analyses for Caribbean and Latin America
NRECA Analyses for Latin America
Oxbow Power Services, Inc. Active participation in Dixie Valley studies
SB Geo, Inc. Modeling/tracer studies, Steamboat Springs
Southwest Tech. Devel. Inst. Analyses for Fort Bliss geothermal project
Union Geothermal Co. Permission to use data/cores
Bureau of Indian Affairs Cheyenne Sioux Indian Reservation
Environmental Protection Agency Geochemistry of Sulphur Bank Mine
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PROJECT BACKGROUND AND STATUS

Natural Injectate Tracers: Injection of spent production fluids back into the geothermal reservoirs from
which they are produced is now widely recognized as the single most important factor in conserving
reservoir pressure and extending the productive lives of geothermal systems. Growing environmental
awareness throughout the world also generally require that spent geothermal fluids be returned to the
reservoir to protect surface and subsurface waters. Injectate is always colder than reservoir fluids, so
eventually returning injectate will cool individual wells and entire reservoirs. Because of the inherent
properties of fluid flow and water-rock interaction, the chemical breakthrough of injectate will precede
thermal breakthrough. To accurately predict the onset of cooling, it is necessary to develop sensitive,
reliable, quantitative, and inexpensive chemical tracers to identify and monitor injectate return. The
ultimate goal is to use injectate tracers to model the where and when of thermal breakthrough.

The low solubility of noble gases in water make them very sensitive natural tracers for monitoring the
return of injectate in geothermal reservoirs. Initially geothermal reservoirs recharged by natural meteoric
waters will have noble gas concentrations and relative abundances equivalent to air-saturated water
(ASW). Flashed brines used for re-injection can be easily identified by noble gas concentrations up to
~100 times lower than the natural recharge waters.

Acid Fluids: An important factor in reservoir management and development is the origin, evolution, and
distribution of corrosive acid fluids in geothermal systems. Fluids encountered in Philippine geothermal
fields have a wide range of chemical compositions, some if which are highly acid. We have established a
joint LBNL-Philippine National Oil Company (PNOC) research project to characterize deep geothermal
fluids using isotope and geochemical techniques. For the initial survey of Philippine geothermal systems,
two fields were selected for study: the Mahanagdong and Tongonan fields in Leyte and the Mt. Apo field,
Mindanao. Because these fields are jointly developed by the Philippine National Oil Company (in charge
of the steam fields) and, in part by U.S. companies (CalEnergy Co. Inc. and Ormat Int’l. Inc., operating
power plants under BOT contracts), the origin and location of acid reservoir fluids is of international
economic interest. The problem of potentially acid reservoir fluids is common to most geothermal fields
associated with recent andesitic volcanoes and it is greatly in the interests of the world geothermal
community as well as the Philippine and U.S. governments to understand and anticipate the occurrence of
these fluids. This joint research project and continuing cooperation by the research team will contribute to
these objectives.
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Helium and Heat: The helium isotopic composition of fluids from geothermal systems within continental
terranes varies from ~9 Ra to ~0.02 Ra. The high values are indicative of a pure magmatic helium
signature and the low values are indistinguishable from the value predicted for radiogenic helium
production in the crust. In the Earth, helium and heat are uniquely coupled because the natural
radioactivity of U and Th is responsible for ~75% of the heat production and all of the *He production.
The coherence suggests that helium isotopic variations can be used to quantify the proportion of heat
supplied by either magmatic input or deep crustal fluid circulation. Deviations from helium-heat
coherence may be used to evaluate the process and relative efficiency of heat and volatile extraction.

Flow in Fractured Reservoirs: There is growing interest in developing tracers that partition between
liquid and gas phases in order to evaluate the fate and transport of liquids injected into two-phase and
vapor dominated reservoirs. In favorable cases, such tracers can be used to identify fast paths for vapor
transport, to monitor reservoir processes, and to evaluate the degree of initial water saturation and the
amount of injected liquid converted to vapor. In collaboration with Karsten Pruess (LBNL), noble gases,
which have very low solubility in water, are being incorporated into models of phase-partitioning tracers
to study their behavior when injected into fractured vapor dominated reservoirs.

PROJECT OBJECTIVES

In general, this project is aimed at critically assessing the value of isotope ratio measurements for
characterizing geothermal reservoirs. Our objective is to develop a set of isotopic parameters, based on
measurements of fluids, fluid inclusions, and rocks and minerals, that will help to identify past and
present fluid sources in geothermal systems and to estimate their extent, heat content, and lifetime.

Technical Objectives

. Natural Injectate Tracers: Develop noble gas compositions and concentrations as reliable natural
tracers for monitoring the breakthrough of re-injected fluids.

. Acid Fluids: Develop a better understanding of the origin and fate of acid fluids.

. Helium and Heat: Develop a better understanding of the coherence between helium isotopic
composition and the heat sources driving geothermal systems. Identify processes responsible for
heat-helium fractionation.

. Flow in Fractured Reservoirs. Expand models describing the flow and fate of phase partitioning
tracers in fractured reservoirs.

Expected Outcomes

. Natural Injectate Tracers: Provide reliable and sensitive quantitative assessments of (1) the volume
of co-produced injectate and (2) the rate re-injected fluids are replacing an original reservoir fluid.
The ultimate goal is predicting when and where thermal breakthrough will occur.

. Acid Fluids: Develop a better understanding of the origin and fate of acid reservoir fluids common
to most Philippine geothermal fields.

. Helium and Heat: Identify the relative proportions of heat in geothermal systems derived from
crustal and magmatic sources. Identify heat sources in moderate to high temperature geothermal
systems that are not closely associated with recent volcanism. Develop heat and helium coherence
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as a potential exploration tool. Use the coherence of heat and helium to further our understanding
of heat and volatile extraction from cooling magmas.

. Flow in Fractured Reservoirs: Exploit phase-partitioning properties of artificial and natural (noble
gas) tracers in two phase and vapor dominated reservoirs to identify preferential flow paths and to
monitor in place water saturation and the vaporization of injected water.

APPROACH

The isotopic compositions of elements in fluids provide a quantitative measure of material balance,
therefore isotopes are extremely powerful in tracing fluid flow and history. We believe that a systematic
study of the isotopic compositions of noble gases, C, O, H, N, Sr, and Nd associated with geothermal
systems will provide valuable information regarding fluid sources, migration pathways, fluid flow rates,
and reservoir processes which could not be obtained with any other methods. The isotopic composition of
a fluid moving through the crust will be modified in space and time in response to varying chemical and
physical parameters and/or by mixing. During these processes, elements will either be conserved, thus
preserving isotopic information related to initial conditions and sources or modified in a fashion that is
diagnostic of fluid transit times, chemical reactions, and mixing along a flow path. Isotopic data also
support hydrologic models by providing complementary information about the fluid flow regime. The
temporal evolution of geothermal fluids can be investigated by comparing the compositions of fluid
inclusions of different paragenetic histories with each other and with present day production fluids.
Isotopic measurements of fluid samples collected from producing wells, surface hydrothermal features,
fluid inclusions, and in the rocks and minerals related to the geothermal system can be made.

RESEARCH RESULTS

Natural Injectate Tracers. The Dixie Valley geothermal field has been in operation for more than
11 years and during this time an aggressive injection policy has been in effect (e.g. Benoit, 1992). The
production and injectate fluids have been thoroughly documented with quarterly brine analyses, annual
non-condensable gas samples, and intermittent stable isotope analyses. Analyses of noble gases and their
isotopes have been obtained to give a complete evaluation of the available natural chemical tracers for
injectate fluids in a well documented geothermal field. These data have provided: (1) an evaluation of the
reliability and limitations of the various natural chemical tracers, (2) a quantitative assessment of the
volume of injectate co-produced with indigenous reservoir fluid, (3) the rate at which injected fluids are
replacing indigenous reservoir fluids, and (4) an estimate of the reservoir volume (Kennedy et al., 1999).

Acid Fluids: The goal of this part of the project is to develop a better understanding of the origin and fate
of acid fluids common to most Philippine geothermal fields associated with recent andesitic volcanoes.
As part of our initial survey of Philippine geothermal systems, we have found an interesting correlation
between helium isotopic compositions, helium enrichment factors, and well locations. In collaboration
with scientists from the PNOC, we have been evaluating a potential correlation between the helium
isotope compositions and fluid chemistry, specifically changes in fluid acidity, cation concentrations, and
the invasion of re-injected brine. We have also found that co-variations between helium isotopic
composition and calculated Heat/Helium ratios for the individual production fluids suggests mixing
between geothermal fluids with constant Heat/Helium and cooler waters similar to that expected for re-
injected brine. We are pursuing this co-variation and its significance.

Helium and Heat: Because ~75% of the Earth’s heat budget and all of the *He is produced from natural U
and Th radioactivity, theoretically there should be a well-defined *He to heat production ratio (*He/Q) of
~3.7 x 10* cm’STP/Joule. In volcanic terranes, mass and heat are supplied to the crust by mantle partial
melting which drives magma genesis. The Earth’s upper mantle has a relatively constant *He/*He ratio of
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8-9 Ra. Therefore, the mass and heat flux associated with magma genesis should be characterized by a
relatively constant *He/Q ratio of ~0.5 x 10" cm’STP/Joule. It has been demonstrated by others that the
*He/Q ratios in fluids circulating through mid-ocean ridge spreading centers vary from ~0.1-1 x 10"
cm’STP/Joule, remarkably similar to the predicted value and confirming the inherent coherence between
helium and heat. The observed range in values, however, implies mass-heat fractionation. We are
investigating various mass-heat fractionation processes, such as magma degassing, magma aging with
preferential loss of *He, boiling of geothermal reservoir fluids, and conductive heat loss.

In crustal regimes, far removed from volcanic processes, helium in fluids is dominated by radiogenic ‘He
and characterized by *He/*He ratios of ~0.02 Ra. This corresponds to a *He/Q ratio of ~1 x 10™° cm’
STP/Joule, almost three orders of magnitude smaller than the mantle value. The large difference in the
helium/heat ratio between volcanic and non-volcanic terranes suggests that the helium isotope
composition, when coupled with *He/Q ratios, can readily differentiate the relative proportions of mantle
and crustal heat driving continental geothermal systems. This large difference will be useful as an
exploration tool and in developing a better understanding of the present state of a geothermal system by
modeling deviations from simple crust-mantle mixing in terms of mass-heat fractionation. See Kennedy et
al. (2000).

Flow in Fractured Reservoirs: This project exploits the phase-partitioning properties of artificial and
natural (noble gas) tracers in two-phase and vapor dominated reservoirs to identify preferential flow paths
and to monitor in place water saturation and the vaporization of injected water. The transport processes
are modeled using the TOUGH2 geothermal reservoir simulator (Pruess et al., 1999). The migration of
the phase partitioning tracers has been simulated for injection of liquids into a vapor-dominated reservoir.
The simulations indicate a complex interplay of different reservoir processes that compare favorably with
observations at The Geysers. These processes include (1) advective flow dominates tracer transport
between wells, (2) diffusive exchange with matrix rocks strongly affects tracer returns in fractured
reservoirs, and (3) fast paths and boiling of the injected liquid can be identified. The preliminary results of
this project were presented at the 25" Stanford Workshop on Geothermal Reservoir Engineering (Pruess
et al., 2000).

FUTURE PLANS

Natural Injectate Tracers: Recently we collected another field wide suite of samples from Dixie Valley
production wells and injection lines. Analyses of these samples will provide our first time series look at
the proportion of co-produced injectate as determined from noble gas abundances. We will also explore
the source of excess helium in the Dixie Valley production fluids. Presently, the production fluids are
~75% injectate. The measured injection fluids do not contain any significant helium excess relative to the
other noble gases. However, excess helium persists in the production fluid. Two possible sources include
(1) continued flow of helium-enriched deep thermal fluids into the production reservoir or (2) helium is
added to the injected brine trough water-rock interaction while flowing from the injection point to the
reservoir. In the first case, helium excesses can be used to estimate the flux of indigenous fluid into the
reservoir. In the second case, helium excesses may be used to constrain the surface area of water-rock
interaction along the flow path of the re-injected brine.

Acid Fluids: This project, as applied to the Philippine geothermal systems, is still in the early interpretive
stage. We will continue to evaluate potential correlations between noble gases, solute chemistry, and fluid
acidity. We are also working on quantifying the proportion of injectate that is currently being co-produced
and mapping the injectate distribution relative to the known zones of high acidity. Observed co-variation
between helium isotopic composition and heat/helium ratios suggests a relationship between
neutralization and/or distribution of acid fluids and the relative proportion of co-produced injectate.
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Helium and Heat: We plan to continue developing our understanding of the inherent coherence between
helium isotopic composition and the source of heat in geothermal systems and those processes
responsible for the fractionation of heat from helium and other volatile species (CO,, H,S, etc.). One goal
is to identify the relative proportions of heat in geothermal systems derived from crustal and magmatic
sources. This is of particular interest in moderate to high temperature geothermal systems that are not
closely associated with recent volcanism, such as encountered in the Basin and Range in the U.S. and
along the Tibetan Suture Zone (e.g. the Yangbajing Field, Tibet). A second goal is to develop heat-helium
coherence into a new geothermal exploration tool.

Flow in Fractured Reservoirs: Continue development of models describing the flow and fate of phase
partitioning tracers in fractured reservoirs. This project is in the early stages and needs further work and
refinement. One future objective is to add new tracers to the code that are selected specifically to optimize
different transport efficiencies resulting from solubility differences. The divergence of tracer behavior can
be expected to provide sensitivity to the transport models.

New Project: We will conduct a field wide study of noble gas, Sr, C, H, and O isotope compositions in
the CalEnergy Salton Sea, California geothermal. This project will be carried out under the coordination
of Will Osborne of CalEnergy.
INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

Organization Type and Extent of Interest

CalEnergy Corporation Origin and distribution of fluid types in Salton Sea
geothermal systems.

Unocal Sources and potential for production of chemically
hostile fluids in geothermal systems closely associated
with active volcanoes.

Oxbow Energy Co. Origin of heat, size of resource, and injectate return.
Philippine National Oil Co. (PNOC)  Origin, distribution, and fate of acidic reservoir fluids.
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PROJECT BACKGROUND AND STATUS

Geothermal energy development in the U.S. has been hindered by a lack of reliable techniques for
exploration for and evaluation of new resources, and for reservoir monitoring. The premise of this project
is that the behavior of the rare earth elements (REE) in geothermal fluids may yield useful information on
the state of the geothermal aquifer. Therefore, a better understanding of the behavior of the REE in
geothermal systems may result in the development of additional tools for the exploration for and
exploitation of geothermal resources.

Until recently, relatively few studies had been conducted on the behavior of the REE in geothermal fluids.
The REE concentrations in these fluids are comparatively low, and techniques for their analytical
determination were either unavailable, or prohibitively expensive and difficult to carry out. However,
with continued improvements in analytical techniques, the number of studies reporting REE
concentrations in both continental and seafloor geothermal fluids has increased slowly but steadily. Data
on the REE in continental geothermal fluids from the Salton Sea geothermal system, California (Michard,
1989), the Valles Caldera, New Mexico (Michard, 1989), Yellowstone National Park (Lewis et al., 1994),
Larderello, Italy (Michard, 1989), Japan (Honda et al., 1989a,b; Oi et al., 1990), France (Michard et al.,
1987; Sanjuan et al., 1988), Bulgaria (Michard & Albaréde, 1986), Tibet (Michard & Albareéde, 1986),
Dominica (Michard, 1989) and Idaho (van Middlesworth and Wood, 1997) have been published.
However, the number of studies of REE contents in geothermal fluids remains too small to fully assess
the potential of using REE contents in geothermal fluids as a potential exploration tool. Moreover, up
until the study reported here, data on REE in geothermal fluids from important geothermal areas in New
Zealand, the Philippines, Indonesia and the U.S. were unavailable. Finally, the controls on REE
concentrations in geothermal fluids are poorly understood, and their utility to the geothermal industry has
not yet been demonstrated.
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This project was designed to expand the database on REE concentrations in fluids in continental
geothermal systems, establish the controls on these REE concentrations, and explore their potential as a
tool for the geothermal industry. The project commenced on January 1, 1998 and will terminate on
September 30, 2001. We are just about at the midway point of the project as of December 1999.

PROJECT OBJECTIVES

Technical Objectives

1) Establish baseline information on REE contents in geothermal fluids from around the world.

2) Determine whether there are any distinctions in REE contents of fluids from producing or

potentially producing geothermal fields on the one hand, and geothermal fields which are not
economically viable on the other.

3) Establish relationships between REE contents and fluid chemistry and temperature.

4) Establish relationships between REE contents and host (aquifer) rocks.

5) Determine whether there are seasonal changes in REE geochemistry of geothermal fluids.

6) Ascertain whether REE geochemistry changes systematically over the production history of a

producing geothermal field.
7 Assess the potential of aqueous REE geochemistry as an exploration tool.
Expected Outcomes

1) Use of REE by the U.S. geothermal industry as an aid in exploration for new, and reservoir
management of existing, economically exploitable geothermal systems.

2) An improved understanding of water-rock interactions governing liquid-dominated geothermal
systems.
APPROACH

In order to meet the above goals, we have taken samples from hot springs and geothermal wells from the
following areas thus far: 1) the Taupo Volcanic Zone (TVZ), New Zealand (Wairakei, Broadlands,
Rotokawa, Tauhara, Orakei Korako, Waiotapu, Waimangu, Te Kopia, Waikite and Mount Ruapehu); 2)
four thermal areas outside the TVZ (Miranda, Te Aroha, Te Puia and Morere); 3) the eastern Cascades,
Oregon (Bagby, Breitenbush, Bigelow, Belknap, Terwilliger, Wall Creek, McCredie, and Umpqua); 4)
the Alvord Desert, Harney Basin and Owyhee Canyon areas, Southwestern Oregon (Crane, Mickey,
Alvord, North and Middle Borax Lakes, White Horse Ranch, and Snively); 5) Nevada (Dixie Valley,
Beowawe); 6) Salton Sea and Heber, California; and 7) Dieng, Central Java, Indonesia. We have also
obtained downhole samples of geothermal fluids from the Palinpifion geothermal field in the Philippines.

At each site, we typically measure temperature, pH, and conductivity in the field. Two one-liter samples,
one filtered through a 0.45-pm membrane and the other unfiltered, are taken and preserved with 2% high-
purity nitric acid for REE analysis. Two 250-mL filtered samples are also taken, one preserved with 1%
trace metal grade nitric acid for boron and alkali, alkaline earth and transition metal analysis, and the
other untreated for anion and alkalinity determinations. Back in the laboratory, alkalinity is determined
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via Gran titration, alkali, alkaline earth and transition metals, silica and boron are determined using ICP-
AES, and anions (CI, F’, Br’, SO,%, and PO, are determined using ion chromatography. The REE are
determined by ICP-MS after separation and pre-concentration by co-precipitation with ferric hydroxide.

The analytical data for silica and the alkali and alkaline earth metals are used to obtain estimates of the
temperature of last equilibration of the fluids with their aquifer rocks using chemical geothermometry.
The pH, anion and alkalinity determinations are used to classify each water sampled as to type, e.g., acid-
sulfate-type or neutral chloride-bicarbonate-type. Chondrite-normalized plots of the REE contents are
prepared for each group of fluids. More detailed descriptions of the procedures we employ and the results
obtained to date are given in Shannon and Wood (1999) and Shannon et al. (1999).

RESEARCH RESULTS

We have obtained REE concentrations for all fluids sampled to date, except for those from Indonesia and
California. Some representative data are shown in chondrite-normalized form in Figure 1. Our results
indicate the following: 1) REE contents in geothermal fluids can range over at least four orders of
magnitude, from below detection up to 10" times chondrite (e.g., Mt. Ruapehu); 2) As previously noted
in the literature, pH appears to exert a dominant, first-order control on REE contents, with low-pH, acid-
sulfate waters having the highest measured REE concentrations and near-neutral to alkaline chloride-
bicarbonate waters having lower REE. However, within the latter category, the pH dependence is not
clear, and other factors in addition to pH play important roles in determining REE content; 3) In general,
the near-neutral to alkaline chloride-bicarbonate waters investigated here yield lower total REE contents
than those previously reported for similar thermal waters from the vicinity of the Idaho Batholith (van
Middlesworth and Wood, 1998). Potential reservoir rocks in the latter area are enriched considerably in
REE, Th and U relative to average crustal rocks, and the higher REE content in the Idaho fluids may
indicate a control of the nature of the reservoir rock on the REE contents of the fluids; 4) In acidic thermal
waters, the concentrations of REE in filtered and unfiltered samples are approximately equal, suggesting
that most of the REE are present in solution as dissolved species; 5) In many near-neutral to alkaline
thermal waters, the REE contents in the unfiltered samples can be considerably higher than those in the
filtered solution, suggesting that the bulk of the REE are present in particulate form. Whether the
particulate fraction of the REE are present sorbed onto pre-existing particles or as precipitated REE
minerals is yet to be determined; 6) There are a number of reasons to suspect that liquid-vapor phase
separation (or boiling) may cause the loss of REE from solution, and this may also explain the very low
REE contents measured in some thermal fluids; 7) Our data provide some support for the hypothesis that
thermal fluids from producing fields with high flow rates may have lower total REE contents than thermal
fluids from areas of low flow rate; 8) Neutral-chloride-type fluids have chondrite-normalized REE
patterns that vary from negative to positive slopes; and 9) Neutral-bicarbonate-type fluids have chondrite-
normalized REE patterns that vary from negative to relatively flat slopes.

FUTURE PLANS

Our plans for the second half of this project include the following: 1) Resampling a number of previously
sampled areas to determine whether temporal variations exist in these systems; 2) Analyzing historic
samples from the Wairakei geothermal field; 3) Sampling and analyzing fluids from additional areas not
covered in the first half of the project, i.e., additional areas in Washington, Oregon, Idaho, Montana,
Nevada and the Philippines; 4) testing the hypothesis that the REE are lost on phase separation (by taking
more downhole samples, analyzing samples of scale from geothermal wells for their REE content, and
carrying out reaction-path modeling to simulate phase separation using geochemical codes such as
Chiller, Reed, 1982); 5) analyzing drill core from selected geothermal fields for their REE content for
comparison with the geothermal fluids; 6) conducting experimental simulations of water-rock interaction
designed to elucidate the behavior of the REE during such processes; and 7) using statistical and
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geochemical modeling methods to firmly establish the major controls on REE concentrations in
geothermal fluids.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

The following companies have assisted in obtaining samples and have expressed interest in the results of
this study:

i} Ogden Geothermal Operations, Inc.
2) Oxbow Power
3) CalEnergy Operations, Inc.
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Figure 1. Representative Data Shown in Chondrite Normalized Form
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PROJECT BACKGROUND AND STATUS

Geothermal resources are genetically linked to silicic magmatism in numerous localities worldwide. Two
important manifestations of this link are heat transfer from the magmas to superjacent geothermal
systems, and mixing of magmatic fluids with meteoric waters. In mixed-fluid systems the initial chemical
compositions of magmatic fluids are strongly influenced by the bulk composition and thermodynamic
mixing properties of the magma, incompatible melt components are preferentially partitioned into the
aqueous fluids that separate from silicic magmas, and geochemical reactions can potentially produce
significant changes in the compositions of magmatic fluids prior to or during mixing with meteoric
waters. New thermodynamic and kinetic models are needed to characterize accurately the magma-
hydrothermal processes in these systems.

A comprehensive thermodynamic model for granitic magmas would facilitate quantitative geochemical
investigations of granite-hosted, magma-hydrothermal systems. With such a model, crystallization paths
for the melts could be calculated. These paths correlate with release of latent heat, which is an important
factor in the overall heat budget of the system. They also define both the P-T-X conditions at which an
aqueous fluid begins separating from the magma, and the composition of that fluid. The "haplogranite"
system, NaAlSi;Os (albite) - KAISi;Og (sanidine) - Si,Og (quartz) - H,O (water), is widely regarded as an
excellent analog for granites and granitic pegmatites. Thus, we are conducting systematic investigations
of the thermodynamics and phase relations of haplogranitic melts. Currently, our attention is focused on
measuring the equilibrium Na/K exchange between crystalline feldspars and melt, and the mutual
solubility of haplogranite melt and water. We are also developing fundamental equations of state for
binary haplogranite melts that can be extended for reliable representation of the thermodynamics and
phase relations of ternary and quaternary haplogranite melts.

A further question of phase equilibria arises once geothermal fluids are in place in the reservoir and steam
is produced, either directly in vapor-dominated reservoirs or as a result of rapid production or steam
flashing in liquid-dominated systems. Solutes which are not volatile at low temperatures (e.g., strong
acids and salts) distribute from brines to steam at high temperatures. Relatively low concentrations of
solutes in steam may result in very high concentrations in liquids formed on partial condensation of the
steam due to the strong temperature dependence of the phase equilibrium. The total amounts of solutes in
steam will depend on brine temperature, concentration, and pH. Reliable determination of the sources of
corrosive (acid-chloride) steam and the development of economical mitigation methods are dependent on
an understanding of brine chemistry and liquid-vapor phase behavior over wide ranges of temperature,
pressure, and brine composition, including the effects on solution pH on interactions between reservoir
rocks and geothermal brines. Having determined the volatilities of a number of pure and mixed electrolyte
solutions (brines) appropriate for understanding liquid-vapor phase behavior, we are currently focusing on
the effects of equilibration of brines and steam with reservoir rocks on the pH of reservoir brines and the
corresponding volatility of acid chlorides.
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PROJECT OBJECTIVES

The immediate goal of the research is to perform laboratory experiments that elucidate the phase relations
and thermodynamic mixing properties of haplogranitic melts and associated aqueous fluids, and the
chemical thermodynamics and solute speciation governing the partitioning of corrosive solutes between
geothermal brines and steam. The resulting fundamental thermochemical data can be applied in
quantitative modeling of heat and fluid flow in geothermal systems associated with silicic magmas, and in
determining appropriate mitigation methods for the protection of system components against corrosion by
acid-chloride steam. The ultimate aim of the work is to develop comprehensive thermodynamic models
for high-temperature geothermal fluids, including information on sources of water, noncondensible gases,
and solutes from silicate melts.

Technical Objectives

. Measure the partitioning of Na and K between crystalline alkali feldspar(s) and haplogranitic melt
as a function of the silica and water contents of the melt, and acquire new and more accurate data
on the boundaries of melt-crystal phase fields.

. Determine the alkali aluminosilicate composition of aqueous fluid in equilibrium with
haplogranitic melt, and the solubility of water in haplogranitic melts, at 250 MPa, 950°C.

. Develop a comprehensive thermodynamic model for the haplogranite system at crustal pressures
and temperatures.

. Complete measurements of the volatility of chlorides over NaCl(aq) brines in contact with rock
samples from The Geysers at temperatures to 350°C.

. Complete development of thermodynamic models for chloride volatility from mixed electrolyte
brines to provide an accurate prediction of the concentrations of chloride and counterions in steam
over geothermal brines as a function of temperature, brine composition, and pH.

Expected Outcomes

. The new experimental data on haplogranitic melt systems will be used to develop thermodynamic
equations of state for calculating crystal-melt phase relations and water solubilities in silicic melts,
and for predicting the solubility of granitic components in high-temperature geothermal fluids.

. Primary products of research on the volatility of potentially corrosive acid chlorides in geothermal
brines will include thermodynamic data and quantitative models for predicting solute volatility
under reservoir conditions, and suggested methods for mitigating corrosion problems caused by the
transport of acid chlorides during production.

APPROACH

The integral thermodynamic mixing properties of hydrous haplogranitic melts can be determined if
sufficient, accurate experimental data are obtained on: (1) the hypersolidus phase relations of
haplogranitic systems, and (2) the free energies of fusion of stoichiometric silicate components. To obtain
these data, experiments are being performed in an internally-heated pressure vessel. This equipment is
part of the unique assemblage of laboratory devices at ORNL for studies of chemical equilibria,
thermodynamics of brine systems, liquid-vapor molecular and isotopic partitioning, and other phase
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behavior. In addition, literature data are being evaluated to constrain the melting thermodynamics of the
albite-water system.

The problem of predicting the transport of acid chloride solutes in geothermal steam is addressed through
laboratory measurements of liquid-vapor partitioning equilibria coupled with the development and
application of quantitative thermodynamic models to represent and interpret the experimental results. The
partitioning of chlorides to the vapor phase has been measured at temperatures to 350°C over pure
HCl(aq), from aqueous mixed brines at concentrations ranging to salt saturation, and from brines in
contact with rock samples from The Geysers. Thermodynamic models have been developed to represent
accurately the distribution of chlorides between phases over the mixed brines characteristic of geothermal
reservoir fluids.

RESEARCH RESULTS AND VARIANCES
Haplogranite Melt—-Feldspar Exchange Equilibria

This year we continued our research to elucidate the equilibrium partitioning of Na and K between
haplogranite melt and alkali feldspar, and the solubility of water in feldspar-rich haplogranitic melts. At a
fixed pressure, temperature and mole fraction Si4Og , a bulk composition is chosen for which the tie-line
is to be determined. Two melt compositions and two feldspar compositions are then synthesized which,
when mixed in the proper proportions, lie along tie lines which cross at the bulk composition of interest,
and bracket the expected equilibrium feldspar and melt Na/K ratios. During an experiment the Na/K ratios
of both the feldspars and melts will migrate towards, and ideally reach, their equilibrium values. This
constrains the equilibrium Na/K compositions of the feldspar and the melt.

Pseudo-gels were synthesized from nitrate solutions and finely ground high-purity silica glass, for use in
preparing nine anhydrous glass and four feldspar compositions. These were sealed in evacuated Pt tubes
with appropriate amounts of water, prior to reaction at elevated pressures and temperatures. Glass
compositions were reacted at >300 MPa, 950°C, and feldspar compositions at S0 MPa, 900°C, each for
one week. These materials are currently being characterized, and additional glasses synthesized, for the
anticipated Na/K exchange experiments.

Fluid-Composition Experiments

A number of factors have limited the ability of previous researchers to determine the composition of
aqueous fluid coexisting with haplogranitic melt. The most serious is that the high P-T composition of the
fluid is not retained on quenching. When experimental samples are brought to ambient P-T conditions at
the conclusion of an experiment, silicate materials precipitate as films and "quench roe" (amorphous
silica-rich spheres). This prevents direct analysis of the high P-T fluid. The tendency of the silicate to
precipitate on the glass further complicates the analysis. We have developed a triple Pt-capsule method
that overcomes many of these difficulties, and are currently determining the compositions of aqueous
fluids equilibrated with haplogranitic melts. These experiments establish the Na, K, Si, and Al
composition, as well as 8D and 3'*0, of an aqueous fluid coexisting with haplogranitic melt.

Hydrous haplogranitic glasses of known chemical and isotopic composition were synthesized as starting
materials for the experiments. Nine compositions were prepared, five haplogranites, three on the
bounding binaries (250 MPa minimum melt compositions), and albite. In each, water-oversaturated and
undersaturated glasses were prepared to allow reversal of the equilibrium water content of the melt.
Experiments were performed on four of these compositions at 250 MPa, 950°C, for periods ranging from
1 to 35 days. To date, time-dependent data have been obtained from samples reacted in two sets of
experiments using two different waters. The aim was to determine the solubility of a Si-poor and a
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eutectic haplogranite reacted at 950°C, 250 MPa for 1, 2, 4, 8, 11 and 35 days. In addition, two other
compositions — a K-poor haplogranite, and a composition on the quartz-orthoclase binary minimum —
were reacted at the same P-T conditions for 35 days. This work has been reported at two annual meetings
of the Geological Society of America, and was very well received (Anovitz and Blencoe, 1997b, 1999b).
The resulting data suggest that: the total solubility of these compositions in water range from 1.8 to 3.0
wt. percent; dissolution is incongruent, with a significant increase in Si in the fluid over that in the melt;
Al is mobile in aqueous fluids, even in the absence of complexing anions; and significant Na/K
partitioning occurs between the water and melt. Preparation of a manuscript describing these results is in
progress.

Measurements of the compositions of coexisting brine and steam at high temperatures during this period
focused on determination of the total chloride concentration, and the identification and quantitative
analysis of counterions (e.g., H', Na") in steam equilibrated with NaCl(aq) in contact with rock samples
from The Geysers. Extensive modifications were made to our static volatility apparatus in an effort to
achieve improved reproducibility of sampling. In the new configuration the high-pressure vessel
containing the chemically inert (platinum-alloy) liner and sampling tubes has been inverted, and all
samples (liquid and steam condensate) are withdrawn from sampling valves located below the liner. This
change helps to insure that all steam condensate forming in the vapor-phase sample line is removed from
the system for analysis, preventing the possible reflux of steam condensate which may have increased the
sampling uncertainty in our previous results. We have also focused on a more positive identification of
counterions for chloride in the steam condensate samples. Earlier results for equilibrations including
Geysers rock samples indicated relatively high (but not quantified) concentrations of ammonium or other
counterions, in addition to hydrogen ion and the expected low levels of Na™ from partitioning of NaCl.

Evaluation of Phase Equilibria and Thermodynamic Modeling

Any model of the thermodynamic properties of haplogranite melts needs to take into account the existing
experimental database describing phase equilibria for haplogranites. To provide a basis for the expansion
of the preliminary thermodynamic model developed by Blencoe et al. (1994), we are reanalyzing data for
albite-water melts, which have been extensively investigated. Our paper on the dry melting of albite
(Anovitz and Blencoe, 1999a) has just been published, and currently we are completing work on a paper
that evaluates phase equilibrium and density data for the hydrous part of the system. Despite the copious
amount of work performed, the system is, in fact, very poorly known. In the dry system neither the
reversed experimental data, nor the thermodynamic data, strongly constrain the melting of albite as a
function of pressure and temperature. Therefore, we have derived new thermodynamic quantities for this
reaction, including realistic uncertainties for each parameter (Anovitz and Blencoe, 1999a). Our
examination of the hydrous phase relations in the albite-water system has demonstrated the need for
reversed experiments. Many of the apparent inconsistencies amongst various experimental data sets
disappear when only carefully reversed data are considered. Our work on the hydrous part of this system
was presented at the 1997 spring meeting of the American Geophysical Union (Anovitz and Blencoe,
1997a).

The ultimate goal of this effort is development of a thermodynamic model for the entire (four component)
haplogranite system. Work to date suggests that the commonly held belief that excess molar volume is
independent of water content and independent of anhydrous melt composition cannot be correct. The
model currently being developed will be extended to a generalized form to account for the effects of
anhydrous composition as well as water content.

Values of the equilibrium constant for the partitioning of a particular species between geothermal brines
and steam at high temperatures form the thermodynamic basis for calculating the concentrations of
solutes in coexisting phases over the wide ranges of temperature, salinity, and pH which may be
encountered in the production of geothermal fluids. However, quantitative modeling of phase equilibria in
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complex, multicomponent brines requires additional consideration of the effects of activity coefficients of
various species in the liquid phase on the extent of partitioning of that species to the vapor. A new model
has been developed for activity coefficients of solutes in the prototype system of acid-chloride geothermal
brines [i.e., {NaCl + HCl}(aq)] which enables accurate calculation of the chloride concentration in steam
over wide ranges of brine salinity and pH. The model is currently being expanded to account for the
effects of other ionic and neutral species in brines on the total chloride partitioning to steam.

FUTURE PLANS

The immediate future goals of our research on (haplogranite melts + water) are to complete a manuscript
describing our new experimental results on the mutual solubility of haplogranite melt and water at
250 MPa, 950°C; continue experiments on the partitioning of Na and K between coexisting haplogranite
melt and feldspar; and complete our evaluations of phase equilibrium data for haplogranitic melts within
the constraints of available data. We expect to conclude studies of the partitioning of chlorides to steam
from NaCl(aq) brines in contact with Geysers rocks, and to continue to extend the thermodynamic model
for solute volatility to include additional solutes present in geothermal brines.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

Laboratory techniques developed for acquiring highly precise and accurate data on the volatile contents
and bulk chemical compositions of very small masses of aluminosilicate material have numerous
potential practical applications in geothermal R&D. We have reported preliminary results of our work at
technical meetings (e.g. Anovitz et al., 1995; Anovitz and Blencoe, 1997b, 1999b). Researchers and
technologists interested in the progress of our research are encouraged to contact us for further
information. Volatility results have been communicated frequently to the geothermal community through
focused update meetings and our participation in geothermal conferences of broader scope. In addition,
direct contact and consultation on the application of these results to field problems arising from solute
volatility are expected to continue.
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PROJECT BACKGROUND AND STATUS

It is widely accepted that geothermal activity is largely associated with areas of active faulting, and, it is
commonly accepted that faults play a role in this association by sometimes forming conduits for upward
movement of ground water. Similarly, in geothermal reservoirs, it is thought that it is necessary to have
recent fault movements in order to maintain open fractures and permeability. However, the question of
how the mechanics of the faulting process may play a causative role in the factors that influence
geothermal production remains poorly understood. A better understanding of the faulting processes that
create and maintain reservoir permeability can potentially reduce geothermal exploration costs if it can be
used to more accurately target successful wells.

With this objective in mind, during the Spring, Summer and Fall, 1999, we conducted aerial photo
reconnaissance and detailed field studies of active faults in the Dixie Valley (Oxbow Geothermal Corp.),
Beowawe (Oxbow Power of Beowawe), and Bradys (Florida Power and Light) geothermal production
fields to characterize the distribution and recency of fault movements. To evaluate how the mechanics of
the faulting process may influence the geothermal environment, we have constructed models showing the
redistribution of stresses associated with the most recent identifiable fault ruptures in the vicinity of the
Dixie Valley and Beowawe geothermal fields.

The Dixie Valley portion of the project is near completion, however, we intend on conducting exploratory
trench studies at key locations along the Dixie Valley fault during the Summer 2000, in order to better
constrain the timing of the most recent faulting events. The status of the Beowawe study is preliminary,
however we feel that our efforts thus far have resulted in a first order assessment of the distribution and
the relative ages of surface faulting events. Continued field studies during the Summer 2000 may refine
our neotectonic assessment and hence our evaluation of stress redistributions. We anticipate that the next
phase of this study will also involve exploratory trench investigations. The Bradys portion of the project
is in an initial phase, but we intend on conducting detailed field studies and stress analysis for this area
during the Summer 2000. We expect to complete these studies, as well as to conduct reconnaissance
investigations at other geothermal fields in the Basin and Range in order to test the hypotheses generated
from the initial studies at the Dixie Valley, Beowawe, and Bradys geothermal fields. We expect that our
project will be completed during the Fall 2000.
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PROJECT OBJECTIVES

The fundamental objective of our study is to gain an understanding of the spatial association of
geothermal reservoirs to active faults, and how the mechanics of the faulting process may influence
factors related to the state of stress and fracture permeability in geothermal reservoirs.

Technical objectives

. A better understanding of the faulting processes that create and maintain reservoir permeability can
potentially reduce geothermal exploration costs if it can be used to more accurately target
successful wells. With this goal in mind, the technical objectives of this study are to;
1) characterize the distribution and recency of surface fault ruptures in the vicinity of selected
geothermal fields in the Basin and Range, 2) use the distribution of recent fault ruptures to model
the resultant redistribution of stress changes, and 3) analyze these stress changes with respect to
their possible influences in the respective geothermal environments.

Expected Outcomes

. We expect that our investigation will result in an unprecedented assessment of the spatial affinities
between the locations of productive geothermal fields and active fault ruptures.

. Models of stress redistributions and their possible influences on fracture permeability will
potentially shed new light on how fault rupture mechanics can work to localize favorable
conditions for geothermal production.

. We envision that our results may be used to modify existing conceptual models of the processes
which work toward fracture permeability in geothermal reservoirs, and that an improved
understanding of these processes will ultimately result in more efficient exploration practices by
helping to more accurately target reservoir prospects.

APPROACH

We use the approach of Reasenberg and Simpson (1992) and Stein et al. (1992), based on the
methodology of Okada (1992), to calculate the static stress changes resulting from displacements on
individual fault segments (i.e. dislocations) embedded in an elastic half space. This simple approach has
been used by countless researchers (e.g. refer to Harris, 1998), and has been successful in explaining
diverse aspects of earthquake interactions such as triggered earthquake sequences (e.g. Caskey and
Wesnousky, 1997) and aftershock clusters following large earthquake ruptures. For our models,
individual fault ruptures are identified from aerial photos and field verification. Average displacements on
faults are based on profiles and field measurements of vertical offsets across fault scarps. The values of
static stress changes are then used to calculate the Coulomb Failure Function (CFF) (failure stress
changes) on the faults associated with the geothermal fields, where CFF is defined as

CFF =Arg +u(Aon)

where Artg is the static shear stress change (positive in the direction of fault slip), Aon is the normal
stress change (positive for tensile stress changes), and # is the coefficient of static friction. Possible
changes in pore fluid pressure are not considered in the stress calculations. Stress changes moving a fault
closer to failure are reflected by positive values of CFF. CFF values are calculated for an assumed dip slip
sense of shear (i.e. rake = -90°). In order to evaluate the relative contributions of shear and normal stress
changes to CFF values, we determined CFF for # = 0.0 (where only Arg affects CFF) and ¢ =0.40-0.75
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(consistent with laboratory rock mechanics experiments (Byerlee, 1978)). For Dixie Valley calculations,
normal stress contributions were determined by subtracting the shear stress changes from the total CFF
values.

RESEARCH RESULTS
Dixie Valley Geothermal Field

"The Dixie Valley Geothermal Field (DVGF) is, in many respects, the classic Basin and Range
geothermal reservoir developed along an active major range-front fault" (Benoit, 1995). It is located along
the southeast-dipping Dixie Valley fault and within the Stillwater Seismic Gap (Wallace and Whitney,
1984); a 45 km-long section of the fault between the 1915 (M7.7) Pleasant Valley and 1954 (M6.8) Dixie
Valley earthquake rupture zones to the north and south, respectively. Within the Stillwater Gap, Wallace
and Whitney (1984) recognized discontinuous Holocene fault scarps along the Stillwater range front, and
they interpreted this to mean that the gap has experienced at least one large Holocene earthquake. Our
field studies of these surface ruptures indicate that ruptures to the north and south of the DVGF are likely
of different ages and that the geothermal field lies within a ~10 km gap with respect to these Holocene
earthquake ruptures. For example, profiles of fault scarps north of the DVGF are generally more degraded
with shallower scarp slope angles compared with those to the south, indicating an older age of formation.
Fault scarps to the south, with few exceptions, exhibit steep scarp slope angles, essentially at angle of
repose (~30°) for unconsolidated alluvial fan gravel deposits. Our interpretation of different ages for these
scarps is in agreement with previous, more detailed scarp profile analyses of Pearthree (1990) for the
Dixie Valley region. There is no evidence for Holocene fault ruptures along the 10 km portion of the
range front in the vicinity of the DVGEF. It is possible that the lack of scarps in the DVGF is a result of
non-preservation due to erosion and/or burial of scarps. However, several landslides and fan surfaces
along the range front interpreted to be pre-Holocene in age are apparently not faulted, indicating that this
portion of the range front has not ruptured at the surface in the Holocene.

Holocene fault ruptures south of the DVGF overlap with the 1954 Dixie Valley rupture zone by 22 km
and can be traced northward for a distance of 45 km, to ~5 km south of the DVGF. The interpreted older
Holocene scarps can be traced from ~4 km north of the DVGF to the Sou Hills. The age of fault ruptures
south of the DVGF is constrained from field relations. Faulted alluvial fan deposits in the Stillwater Gap
area contain or overly Mazama tephra (~7 ka) at two locations (Caskey et. al, 1996; work in preparation).
Unfaulted fan deposits along the southern portion of the rupture zone contain Turupah Flat tephra (1.5 ka)
(Bell and Katzer, 1990). Hence, the absolute age of faulting is bracketed as 7 ka-1.5 ka. Similarly,
Pearthree's (1990) analyses of scarp profiles suggest that these scarps may be as young as 2 ka. Presently,
we have no absolute age control on Holocene scarps north of the DVGF. However, Pearthree's (1990)
profile analyses indicate that these fault ruptures may be several thousand years older than those south of
the DVGF. The observations indicating that scarps north and south of DVGF appear to represent different
aged events gives us confidence that the ~10 km gap we observe between Holocene ruptures may be real
rather than a consequence of non-preservation.

The possibility that the DVGF lies between the endpoints of recent earthquake ruptures has important
implications for the redistribution of stresses and their influence on geothermal activity in the DVGF. Our
model of stress changes associated with Holocene fault ruptures in the Stillwater Gap suggests that the
Dixie Valley fault and parallel fractures in the vicinity of the DVGF have experienced large positive
stress changes (>10 bars). These large stress changes in the DVGF are due to its proximity to the
endpoints of Holocene fault ruptures to the north and south. Stress changes resolved on the Dixie Valley
fault plane as well as proximal, fault-parallel fractures largely result from a decrease in normal stresses
(i.e. increase in tensile stresses), although a significant increase in shear stress is also evident.
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An examination of CFF values in the Stillwater Gap associated with slip on historic ruptures along the
west-dipping 1915 (M7.7) Pleasant Valley and the east-dipping 1954 (M6.8) Dixie Valley rupture zones
yields similar results for the DVGF, although the stress change values from historic slip are considerably
lower in the geothermal field. This is due to the greater distance of the geothermal field from the
endpoints of the historic fault ruptures. Mapping along piedmont fault scarps at the north end of Dixie
Valley, just south of the Sou Hills, revealed a small, localized 0.10-0.15 m-high scarp in recent alluvial
deposits. The well-preserved nature of such a subtle feature indicates that the scarp is probably historic,
and therefore, likely formed during the nearby 1915 earthquake. The likelihood that the scarp represents a
previously unrecognized 1915 rupture appears to demonstrate that stress changes associated with the 1915
earthquake were large enough to trigger fault slip in northern Dixie Valley.

Beowawe Geothermal Field

The Beowawe Geothermal Field (BGF) lies in a more complex structural setting than the DVGF and, at
present, has not been field investigated with respect to fault activity to the extent of the Stillwater Gap.
However, aerial photo analysis and field reconnaissance mapping during Summer 1999 have resulted in a
first order assessment of the distribution and relative ages of the most recently active faults in the vicinity
of the BGF.

The Beowawe facility is located within Whirlwind Valley, a small reentrant valley that sits within the
Shoshone Range. The west flanks of the Shoshone Range, Dry Hills, and the Cortez Range are each
bounded by active faults. The east boundary of Whirlwind Valley is marked by a sharp escarpment which
is clearly produced and controlled by the Malpais fault zone. However, it is only along the northern
portion of the escarpment that we have observed fault scarps in Quaternary alluvium. These appear to be
late Pleistocene to early Holocene-aged scarps based on the estimated age of the youngest alluvial fan
deposits offset along the fault. The southernmost limit of observed alluvial scarps along the Malpais fault
is approximately 3 km northeast of the town of Beowawe, where we measured vertical offsets of 0.7 m
across the scarp. Curiously, the apparent southern limit of surface faulting corresponds to the location of
local hot springs along the fault.

Structural relations along the southern portions of the Malpais fault in the BGF were most recently
investigated by Benoit (1995), who similarly reported an absence of recent scarps. The age of surface
faulting along the southern section of the fault appears to predate Quaternary landslide deposits and
adjacent bedrock slump blocks approximately 5 km west of the geysers. These landslide deposits are
apparently not faulted; an observation supported by mapping in the area by Smith et al. (1979). Future
efforts will focus on placing firmer constraints on the ages of the oldest, unfaulted Quaternary deposits
along the southern portion of the Malpais fault, and the age of surface faulting along the northern portion
of the fault.

Structural and stratigraphic relations along the west flank of the Shoshone Range indicate multiple
Quaternary faulting events. We interpret the most recent event as being early to mid-Holocene in age
based on the estimated age of the youngest, faulted alluvial fan deposits at the mouth of Mt. Lewis
Canyon. In this area, older fan deposits exhibit progressively greater vertical offset, which attests to
repeated Quaternary fault movements. In the same fashion, the Dry Hills fault exhibits multiple
Quaternary displacements, the youngest of which clearly shows Holocene surface expression.

In summary, aerial photo analysis and preliminary field studies show that fault ruptures have been most
recent along the Shoshone, Dry Hills, and northern section of the Malpais fault, with no evidence for late
Quaternary fault movements in the BGF and elsewhere along the southern Malpais fault. Our model of
stress changes associated with these most recent fault ruptures suggests that the Malpais fault in the
vicinity of the BGF has experienced a significant increase in failure stress on the order of 1-2 bars at 3 km
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depth. The positive CFF values result from slip on both the Shoshone fault and the northern section of the
Malpais fault. Slip on the Dry Hills fault results in negative CFF values along the southern Malpais fault.
CFF values calculated for depths of 6 km yield similar results, although these calculations are not
included herein.

CFF calculations in the BGF for a friction value of zero are less than those for a value of friction of 0.4.
This indicates that the positive CFF values are a result of both increases in shear stress and decreases in
normal stress. The sense of stress changes is similar to the changes in the DVGF. However, the stress
changes in the BGF are considerably smaller owing to the greater distance between the geothermal field
and the most recent fault ruptures.

Bradys Geothermal Field

Mapping by Bell (1984) indicates that the Bradys Geothermal field lies at the endpoint of Holocene fault
ruptures. These ruptures lie within the pluvial Lake Lahontan basin, and are therefore required to be
younger than the most recent latest Pleistocene occupation of the lake. We are currently conducting
detailed field studies to more completely assess the distribution and age of surface faulting, and have yet
to analyze stress changes associated with the fault ruptures. Our preliminary studies indicate that the
southern extent of ruptures is accurately portrayed by Bell (1984), but that the fault ruptures may extend
farther to the north. These relations would indicate that the Bradys area lies in an area of pronounced
stress change owing to its close proximity to a recent fault rupture endpoint. From our previous models of
the DVGF we anticipate that these stress changes would result from both increases in shear stress and
decreases in normal stress resolved parallel to normal slip on the fault.

DISCUSSION

Our models for the Dixie Valley geothermal field indicate that induced stress changes near the endpoints
of recent fault ruptures appear to promote favorable conditions for geothermal production. The stress
changes result in an increase in failure stress on unruptured, along-strike portions of the fault. But perhaps
more importantly, these stress changes are characterized by significant decreases in fault-normal stress
that are particularly enhanced in the upper few kilometers of the crust. Intuitively, this sense of stress
change would influence the flow dynamics of geothermal fluids along the fault and fault-parallel
fractures. Our models of Holocene stress changes in Dixie Valley, suggest the area between the northern-
and southernmost geothermal production wells coincides with the portion of the fault most strongly
affected by tensile stress changes. Stress changes in the geothermal field induced by the 1915 and 1954
earthquakes are in the same sense as in the Holocene stress model. However, these changes are smaller
because of the greater distance between the geothermal field and the historic rupture endpoints. Both the
Holocene and historic stress changes we calculate are consistent with results from recent investigations of
in-situ stress and fracture permeability in the Dixie Valley geothermal field (e.g. Barton et. al, 1996;
Hickman et al., 1997). These studies show fractures parallel to the fault zone are both critically stressed
for failure and hydraulically conductive.

Our preliminary assessment of the neotectonic framework of the Bradys geothermal field indicates that
this production area lies at the endpoint of a Holocene earthquake rupture, a setting that is analogous to
the Dixie Valley geothermal field. We anticipate that stress models for the Bradys area will yield similar
results as for the Dixie Valley geothermal field. The Beowawe geothermal field lies in a more complex
structural setting. However, our model for late Pleistocene-Holocene stress changes along the southern
Malpais fault shows both increases in shear stress and decreases in normal stress in the Beowawe
geothermal field.
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In summary, we find that the Basin and Range geothermal production fields we have investigated do not
appear to lie along the most recently active portions of faults. Our studies show that induced stress
concentrations at the endpoints of fault ruptures promote conditions for fracture permeability and
geothermal production. The observations would suggest that in regions of high heat flow, areas along
normal faults which act as persistent rupture segment boundaries may also be areas of enhanced
hydrothermal activity. Studies of normal fault segmentation show that fault trace salients (i.e. convex
fault strike changes such as at the Dixie Valley geothermal field) and fault trace steps appear to act as the
most persistent fault rupture boundaries (Crone and Haller, 1991; Machette et al., 1991).

FUTURE PLANS

Our future efforts will focus on constraining better the absolute ages and distribution of fault ruptures in
the Dixie Valley, Beowawe, and Bradys areas and on investigating the recent fault history and stress
changes for geothermal production fields elsewhere in the Basin and Range province.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

Organization Type and extent of interest
Oxbow Geothermal Corp. general
Oxbow Power of Beowawe general
Florida Power and Light general
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CORE ANALYSIS FOR THE DEVELOPMENT AND CONSTRAINT
OF PHYSICAL MODELS OF GEOTHERMAL RESERVOIRS

G. N. Boitnott
New England Research, Inc.

KEY WORDS
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modulus, Shear weakening, Mineralogy

PROJECT BACKGROUND AND STATUS

The Awi 1-2 corehole produced over one kilometer of continuous core from the Awibengkok Geothermal
Field in Indonesia. The core is now the focus of a DOE funded interdisciplinary study to better understand
fundamental reservoir properties of complex andesitic systems. This work involves of multi-year study of
the Awi 1-2 core, to be followed by similar studies of other fields selected by the DOE Geothermal
Program. The study focuses on constraint and characterization of geophysical properties of the rock
matrix, including seismic and electrical properties, to improve modeling and interpretation of reservoir
properties.

PROJECT OBJECTIVES
Through the use of laboratory measurements in conjunction with model development, this work is aimed
at developing physically based models of key geophysical properties with the goal of improving reservoir

characterization and monitoring.

Technical Objectives

. Systematic study of the shear weakening phenomena (rock water interaction)

. Quantifying core scale heterogeneity.

. Field Scaling of seismic, electrical, and flow properties.

Expected Outcomes

. Improved methods of well-log analysis.

. Assessment of the feasibility of seismic detection of steam caps in andesitic systems

. Development of methods to constrain fracture system characteristics from geophysical
observations.

APPROACH

Laboratory measurements of ultrasonic velocities, complex electrical impedance, permeability, and other
core scale physical properties are being made on a representative suite of samples from the AWI 1-2
corehole in order to develop a dataset from which to build physical models of geophysical properties. The
data is being analyzed in conjunction with petrographic and mineralogic analyses performed in
collaboration with Dr. J. Hulen at EGI. Laboratory measurements are also being coordinated with others
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working on related issues, such as J. Roberts and B. Bonner at LLNL who are working or electrical
properties during boiling in similar cores. With the core measurements as a foundation, specialized
experiments aimed at characterization of core scale heterogeneity and the physical properties of joints and
fractures will be performed to constrain model development. The physical models developed from the
results of these experiments will then be used as inputs to field scaling models in order to address log and
field scale issues.

RESEARCH RESULTS
Seismic Properties

Laboratory studies of ultrasonic velocities of cores from The Geysers and Awibengkok have lead to the
discovery that the presence of water causes a significant reduction in the dynamic shear modulus of the
rock matrix. This shear weakening is large enough in many rocks to counteract traditionally accepted
poroelastic mechanisms, changing standard interpretations of field seismic anomalies [Boitnott and
Kirkpatrick, 1997].

Originally observed on core from The Geysers, the phenomena has since been observed in the
Awibengkok cores as well [Boitnott and Johnson, 1999]. Recent mineralogic data provided by J. Hulen at
EGI has confirmed a correlation between the amount of shear weakening and the weight percent illite
contained in the samples (see Figure 1). Previous data from The Geysers had exhibited a strong
correlation between weight percent illite and the percent reduction in shear modulus upon saturation. The
data from Awibengkok cores follows a similar, but less well defined trend. Including both the
Awibengkok and The Geysers data, the correlation appears strongest between weight percent illite and the
magnitude of the shear modulus reduction (rather than the fractional change). While these details are still
poorly understood, the differences may reflect the dramatically different porosities and textures found at
Awibengkok. Still unresolved is the importance of interlayer smectite in the illite and the extent to which
chlorite can contribute to shear weakening. Also under investigation is the effect of changing temperature,
brine salinity and partial saturation.

Combined with future experiments on the seismic properties of rock joints and fractures, these results will
form the basis for an assessment of steam cap visibility through seismic monitoring as well as improve
interpretation of seismic logs.

Electrical Properties

One characteristic of the Awibengkok cores is a weak correlation between porosity and core scale
physical properties. This is observed both for velocities and for resistivity. A summary plot of measured
formation factors (sample resistivity divided by pore fluid resistivity) versus porosity is shown in
Figure 2. Note that among the higher porosity samples, as much as a factor of three variation in resistivity
is observed for a given porosity.

Electrical impedance is being measured as a function of pressure, temperature, and brine chemistry in an
attempt to better understand the conduction mechanisms operating in these rocks. Some representative
results are shown in Figure 3. In many of the cores, the frequency dependence exhibits a broad band
dispersion, with a gradually decreasing real part and a relatively constant imaginary part. This is typical of
clay rich rocks, being indicative of electrochemical phenomena occurring at the surfaces of clay grains
and electrical conduction across pore/clay boundaries. A number of samples exhibit a stronger dispersion,
commonly concentrated at frequencies between 10 Hz and 10000 Hz. The dispersion in the real part of
the impedance is accompanied by a prominent bump in the complex impedance. This behavior appears to
correlate with the volume fraction of opaque minerals, and is consistent with the effects of induced
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polarization from oxidation reduction reactions occurring at the electrically conductive grains. The data
for samples containing conductive minerals is being modeled using the electrochemical model of Wong
[1979], which predicts that the frequency band of the dispersion is controlled by geometrical aspects of
the conductive grains and the magnitude is controlled by volume fraction. By combining this model with
models for the primary surface and ionic conduction mechanisms, we hope to build a predictive
understanding of the effects of temperature and partial saturation on the electrical properties of the matrix.

Mapping electrical properties

In an attempt to better understand the factors controlling electrical properties of these samples, methods
are being developed to map the spatial distribution of electrical impedance. As a starting point, a probe
has been developed to allow the measurement of frequency dependent electrical properties as a function
of position on a slabbed surface of core.

The Awibengkok cores are rich with heterogeneity at the core scale (mm to meters). In particular, the
lahars and tuffs, being comprised of fragments of various rock types and textures, display strong visual
heterogeneity. Little is known as to whether this visible heterogeneity corresponds to electrical and
mechanical heterogeneity, and how that might influence larger scale electrical and seismic properties.

Preliminary results from the resistivity mapping on a tuff sample is shown in Figure 4. The resulting
images are rich in information, illustrating a wide variety of "anomalies" ranging from conductive or
resistive clasts to fractures and porous veins. Importantly, the results illustrate that the samples commonly
have variabilities on the order of a factor of three or more at length scales near 1 cm. This indicates that
core scale heterogeneity (and its structural details) may give rise to significant resistivity signatures, and
may explain much of the scatter in the laboratory scale data. Work is in progress to correlate the observed
anomalies with detailed petrographic observations. For example, areas of high conductivity and low phase
shift are thought to reflect regions dominated by ionic conduction though pores, while regions of high
phase shift are associated with concentration of electrically conductive minerals such as pyrite and
hematite. A better understanding of the electrical heterogeneity should lead to improved interpretations of
FMI and induction logs.

FUTURE PLANS

Future work will concentrate on extending the laboratory measurements to include elevated temperature,
partial saturation, and variations in pore fluid chemistry. Work will also continue on mapping electrical
and mechanical heterogeneity in selected cores. New initiatives will include experiments to study
properties of rock joints and fractures and to develop physical scaling laws to address field scale issues.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

Organization Typeand Extent of Interest

UNOCAL Improved reservoir characterization and modeling
Calpine Corp.

LLNL Support for geophysical R&D

LBL

LANL
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Figure 1. Shear modulus reduction (left) and relative shear modulus reduction (right) from laboratory
tests on samples from Awibengkok (AWI 1-2) and The Geysers (NEGU-17 and SB-15-D) versus weight
percent illite in the samples. Gs and Gd are the saturated and dry shear moduli, respectively.
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Figure 2. Logarithm of the formation factor versus logarithm of porosity for selected samples from
AWI 1-2. Samples were saturated with a 12000 ppm NaCl brine and measurements were made at 5 MPa
effective pressure. Note the large scatter at higher porosities.
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Figure 3. Impedance spectra for two representative samples from AWI 1-2. On the left is the complex
Formation Factor for a dacite autobreccia from 3100 ft. On the right is the spectrum for a lahar from
4072 ft. Note the prominent bump in the imaginary impedance and the strong dispersion in the real
impedance for the lahar sample. This is thought to reflect the presence of disseminated sulfides
throughout the sample.
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Figure 4. Example of an electrical impedance map of a tuff sample from 4990 ft in AWI 1-2. Image
dimensions are 6 cm by 12 cm. On the left is the real part of the impedance, with light indicating
conductive (white=1900 ohms) and dark being resistive (black=9000 ohms). On the right is the phase
shift with dark indicating little phase shift (black=-3.6 mrad) and light indicating high phase shift
(white=-39.0 mrad). Note the wide variety of features present in the resistance map. The regions of high
phase shift are thought to reflect high concentrations of conductive minerals such as pyrite and hematite.
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THE THERMAL AND CHEMICAL EVOLUTION OF THE
HYDROTHERMAL MINERALS IN AWIBENGKOK 1-2, AWIBENGKOK
GEOTHERMAL FIELD, INDONESIA

Joseph Moore
Energy & Geoscience Institute

David I. Norman
New Mexico Institute of Technology

KEY WORDS
Awibengkok, fluid inclusions, gaseous species, hydrothermal alteration
PROJECT BACKGROUND AND STATUS

Awibengkok is the largest producing geothermal field in Indonesia, with an installed capacity of
330 Mwe. Through an agreement with Unocal Geothermal Indonesia (UGI), the DOE obtained 1.1 km of
continuous core from Awibengkok 1-2, a well drilled on the eastern side of the field in the shallowest
portion of the reservoir (Hulen and Anderson, 1998). The material is significant because extensively
cored reservoir sections of andesite-hosted systems are only available to DOE researchers from three
fields, Tiwi in the Philippines, Karaha-Telaga Bodas in Indonesia, and Awibengkok. This project
described here is part of a broader DOE-UGI research program focussed on Awibengkok 1-2. Other
studies will be directed toward evaluation of porosity and permeability within the core hole, rock and
secondary mineral distributions, and the assessment of present-day pressure-temperature relationships in
the reservoir. Preliminary results on studies of Awibengkok 1-2 were presented in a series of papers at the
1999 Annual meeting of the Geothermal Resources Council.

Awibengkok 1-2 was cored from depths of 762 to 1830 m. The rocks encountered in the well consist
mainly of altered andesite and dacite flows and lahars, although a thin microdiorite sill was penetrated at a
depth of about 1700 m (Hulen and Anderson, 1998; Hulen and Lutz, 1999). Above 1175 m, the rocks are
argillically altered. At greater depths, the rocks display propylitic alteration.

PROJECT OBJECTIVES
Technical Objectives

. Document paragenetic relationships among the mineral assemblages in the cored portion of
Awibengkok 1-2.

. Determine the origins of the geothermal fluids and the conditions of hydrothermal alteration
through measurement of fluid-inclusion homogenization temperatures, salinities, and gas contents.

. Integrate the mineralogic and fluid-inclusion data with the results of studies on Awibengkok 1-2
conducted by other researchers.

. Develop an evolutionary model of the mineralization in Awibengkok 1-2 that can be incorporated
into a time-temperature-composition history when “’Ar/*’Ar spectrum dating become available.
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Expected Outcomes

. Development of an improved conceptual model of the Awibengkok geothermal field that will aid
in future development of the system.

. Formulation of better exploration models of andesite-hosted geothermal systems that can be
applied to the evaluation of new geothermal fields.

. An improved understanding of the water-rock interactions in geothermal systems.
APPROACH

Fluid inclusions trapped in hydrothermal minerals contain snapshots of the conditions that existed in the
geothermal system at different times in its history. By combining the temperatures, salinities, and gas
compositions of the inclusion fluids, information on reservoir processes (e.g., boiling, heating, cooling)
and the origin of the fluids (e.g., meteoric, crustal, or magmatic) can be obtained (see ¢ Norman et al.,
1996; Moore et al., 1997; Norman and Moore; 1999).

A time-temperature-composition history of the geothermal system can be developed when the relative or
absolute age of the mineral host is known. Relative ages can be determined through crosscutting vein
relationships and infilling sequences within the veins. *’Ar/*’Ar spectrum dating can be used to determine
the absolute ages of the minerals and the ages of thermal perturbations they have experienced. Recent
investigations of the Tiwi, Philippines geothermal field (Moore et al., 1997) have demonstrated the value
of integrating detailed paragenetic and fluid-inclusion data in developing detailed thermal histories of
geothermal systems.

RESEARCH RESULTS

Veins from depths between 893.3 and 1803.5 m were studied. Two episodes of vein mineralization were
recognized. Calcite was deposited by saline fluids during the earliest event. These fluids had salinities up
to 18.1 weight percent NaCl equivalent and temperatures close to 270°C. The high salinities suggest that
the fluids were magmatic in origin and were related to the microdiorite intrusion encountered in the well.
Subsequent vein mineralization appears to be related to the modern geothermal system. Veins deposited
by the geothermal fluids are characterized by successive fillings of quartz + epidote + sulfides, wairakite,
and calcite, although multiple cycles of mineralization are found in some samples (Fig. 1). Mineral
textures and assemblages indicate that boiling occurred intermittently during the deposition of these
minerals. The maximum temperatures recorded by the fluid inclusions are near 320°C and are consistent
with the presence of trace amounts of actinolite (Fig. 2). However, most of the mineralization appears to
have occurred at temperatures of less than about 275°C.

The geothermal fluids had salinities up to 3.5 weight percent NaCl equivalent and low noncondensable
gas contents. Ratios of CO,/CH, vs. Ny/Ar indicate that the gases trapped in the inclusion fluids were
derived mainly from crustal sources (Fig. 3). The trapping of CH,rich fluids suggests that the
mineralization occurred early in the history of the system, before significant degassing had occurred.
Temperature-salinity relationships among the inclusion fluids indicate that the early fluids were
progressively diluted by steam-heated meteoric water with a temperature between about 200° and 225°C
(refer to Fig. 2). The thermal and chemical evolution of the rocks in Awibengkok 1-2 may be typical of
the marginal parts of andesite-hosted geothermal systems, where there is little input of magmatic fluids
and the effects of fluid mixing, rather than boiling are dominant.
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FUTURE PLANS

UGI has provided samples from other Awibengkok wells to the Energy & Geoscience Institute for study.
We will work closely with J. Hulen on petrographic, fluid inclusion, and dating investigations of this
material.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

The development of conceptual models of volcanic-hosted geothermal systems is of significant interest to
U.S. geothermal companies that are actively involved in exploration and development of overseas
resources. Two geothermal companies have demonstrated an interest in expanding our investigations of
these systems. Union Geothermal Indonesia has provided samples of other wells for expansion of studies
at Awibengkok. The Karaha-Bodas Company, LLC has provided, at no charge to DOE, more than 4 km
of core and all supporting geologic, geochemical, geophysical, and reservoir engineering data on the
Karaha-Telaga Bodas geothermal system in Indonesia. The staff of Caithness Energy has been involved
in this project and we will be working with them on the study.

The initial results of work on Awibengkok 1-2 were presented at the 1999 annual GRC meeting (Moore
and Norman, 1999).
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Figure 1. Generalized paragenesis of veins studied in Awibengkok 1-2. Dashed lines indicate that the

mineral is present in trace amounts.
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Figure 2. Ranges of homogenization temperatures and salinities (in weight percent NaCl equivalent) of
fluid inclusions. Data on high-salinity fluid inclusions trapped in calcite from 1533.9 m was excluded.
The heavy arrow shows a possible dilution trend.
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LABORATORY INVESTIGATION OF FRACTURE CLOSURE UNDER
HYDROTHERMAL CONDITIONS

Peter Persoff
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PROJECT BACKGROUND AND STATUS

Laboratory measurement of rock properties and processes provides a basis for modeling and management
of geothermal reservoirs. Previously we have measured permeability and other rock properties on
fractures from Dixie Valley, Nevada and core plugs from The Geysers, California fields.

In our studies of The Geysers cores, we found more mineral-filled, impermeable veins than permeable
veins. The prevalence of sealed veins (formerly permeable fractures) in recovered core indicates that
natural fractures have a finite productive life. The lifetime of fractures is especially important in
evaluating the economic potential of reservoir stimulation by hydro-fracking, or fracking with sand

propping.

Fractures in the subsurface are held open by asperities, points of rock-to-rock contact. This is true for both
a small fracture (millimeter scale), consisting of the open space between two imperfectly matched rough
surfaces with isolated asperities, and for a large fracture or fracture zone (meter scale) that is filled with
rubble. In general, the lithostatic stress on the rock is greater than the pore pressure, and this unbalanced
force provides one of the driving forces for fracture closure.

Several mechanisms can potentially cause fractures to close, and one of the goals of this project is to
identify which ones are important in geothermal reservoirs from the fluid production point of view.
Within the rock itself, the rock may break or creep to close the fracture. In addition to these, it is
paradoxical that both dissolution and precipitation can also close the fracture. Precipitated mineral phases
can fill and close the pore space. But dissolution can also close the fracture, if the asperities themselves
are dissolved away.

Pressure solution appears to be an important cause of fracture closure. Generally pore water is at lower
pressure than the solid phase (hydrostatic vs. lithostatic pressure). But depending upon mineral surface
charge density, a film of water up to 100 angstroms thick can be held between asperities, where the water
pressure equals the solid phase pressure. Because of this elevated pressure, minerals are more soluble in
this water film than in the bulk water.

Most previous studies of pressure solution phenomena have been done with pure compounds and simple
geometries. This will be the first experiment to investigate these phenomena in a natural fracture under
field conditions of temperature, pressure, and mineral heterogeneity.

Because the pressure solution mechanism only acts in water films held between asperities, dissolution
only occurs at the asperities. As a result, dissolution of a minute amount of material decreases the average
fracture aperture over a relatively large area. The resulting decrease in permeability is much greater than
could be caused by an equivalent amount of mineral precipitation.
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A specially-designed pressure vessel, capable of 23,000 psi at 800 °C has been fabricated for this project.
The pressure vessel will be heated externally by a tube furnace which can reach 1200 °C. We will use a
core-test system of computer-controlled pumps and pressure transducers for permeability measurements.
In our experiments, 1-inch x 2-inch cylindrical samples will be fitted with endcaps, encased in a gold
membrane, and subjected to 400°C and confining pressure of 20,250 psi. Water will be pumped through
the sample at a lower pressure of about 10,000 psi, simulating hydrostatic pressure.

Preliminary calculations have been done to check that, for water at this temperature and pressure, and for
fractures of aperture 0.1 to 100 um, both the flow rate and pressure drop will be within easily measured
ranges. Although we are simulating a geological process in the laboratory, experiments reported in the
literature indicate that under these conditions measurable or even dramatic permeability decrease should
be observable within a one month period.

Mineral samples will be examined by X-ray diffraction, scanning electron microscopy and electron
microprobe analysis to identify the phases dissolved and precipitated. Water samples will be analyzed for
appropriate constituents to measure dissolution rates. The data will be analyzed to calculate kinetic
constants for mineral dissolution and precipitation.

PROJECT OBJECTIVES

The objective of the project is to understand mechanisms that contribute to fracture closure in geothermal
reservoirs.

Technical Objectives

. Determine the processes involved in fracture closure under carefully controlled laboratory
conditions.
. Construct a “map” of temperature-pressure space for a few important minerals (e.g. quartz)

delineating the areas in which various mechanisms for fracture closure dominate

. Construct a similar map for natural fractures in the core tested in the laboratory (from well
Awibengkok 1-2) and explain discrepancies from the pure-mineral map, if any.

Expected Outcomes

. Kinetic data to predict rates of pressure solution of important minerals under geothermal reservoir
conditions.
. Ability to predict approximately the expected decrease in permeability of a typical or specific

fracture during exploitation of a geothermal reservoir.

. Improved confidence in reservoir management plans, including operations that could reduce or
avoid closure of fractures in production and injection wells.

APPROACH

The technical will consist of controlled laboratory experiments using both ideal and natural fractures.
Ideal fractures are machined from pure mineral with smooth parallel walls and uniform aperture, propped
open at a few points. In natural fractures, the roughness of the fracture walls, the local and average
aperture, and the mineralogy are “as received” from the field. Experiments will be done at reservoir-
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relevant conditions of temperature, pore pressure, and confining pressure. Essentially, each experiment
consists of flowing water through the fracture at a constant rate and observing changes on pressure drop.
In an ideal fracture, decrease in permeability can be precisely related to dissolution of the asperities, from
which dissolution kinetics can be calculated. Experiments with natural fractures will test how far the
theory can be applied to conditions encountered in geothermal reservoirs.

RESEARCH RESULTS

Aperture profile, volume, and permeability are related indicators of fracture closure. In this project, we
measure all three properties of fractures samples. First, these properties are measured with flowing gas
through the sample at room temperatures, Then permeasbility changes will be monitored by flowing
liquid under reservoir conditions, and finally, all three properties re-measured using gas flow.

FY2000 is the second year of this planned three-year project. During the first year, the apparatus
described earlier, including computer-controlled core test system , pressure vessel, and data acquisition
system was assembled. A sample containing a natural fracture from the Awibengkok field was obtained
and machined to size. The initial characterization of the sample has been completed. A “before” aperture
profile was produced by photographic and image-digitizing techniques; a partial profile is shown in the
accompanying digitized photograph (Figure 1). “Before” aperture volume and permeability have been
measured by gas-pressure-pulse-decay (GPPD). Mathematical techniques have been derived for data
analysis, some of which are presented in the references given below.

FUTURE PLANS

During FY02000-2001 several series of experiments on both ideal and natural systems will be performed.
The laboratory data and their interpretation will be communicated to the industry and feedback will be
sought to guide selection of conditions for further experiments.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

Fracture closure is an undesired phenomena in geothermal reservoirs because fracture apertures control
the amount of fluids allowed to flow through the reservoir and from (or into) wells. The development of
deep geothermal reservoirs will depend on the presence of open fractures with enough permeability to
sustain commercial-scale fluid flow indefinitely, or at least for the design life of production or injection
wells intersecting the fractures.

All companies interested in developing geothermal resources located at depths more than 2-3 km, at
temperatures and pressures higher than in reservoirs presently in commercial operation, need to know
how fractures behave under those harsher conditions.

This project will improve understanding of fracture behavior in geothermal reservoirs and provide input
to Unocal’s operations at Awibengkok, Indonesia. Knowing the expected life of fractures would help to
evaluate the decision of hydrofracturing of a given reservoir from an economical point of view.
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Figure 1. Natural Fracture in a 1-inch Core Plug from Awibengkok 1-2 Well, 4502 ft. Parallel lines in
the inset are 127 micrometers apart
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GEOCHEMISTRY OF ALUMINUM IN HIGH TEMPERATURE BRINES

P. Bénézeth, D. A. Palmer, D. J. Wesolowski
Chemical and Analytical Sciences Division, Oak Ridge National Laboratory
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PROJECT OBJECTIVES

The objective of this research is to provide quantitative data on the equilibrium and dynamic properties of
aluminum minerals required to model changes in permeability and brine chemistry associated with
fluid/rock interactions in the recharge, reservoir, and discharge zones of active geothermal systems. The
empirical and semi-empirical treatments of the solubility/hydrolysis experimental results on single
aluminum mineral phases form the basis for the ultimate investigation of the behavior of complex
aluminosilicate minerals. These treatments will also be incorporated into existing codes used by the
geothermal industry to predict the chemistry of the reservoirs and will be tested for reliability against our
laboratory results and field observations.

Technical Objectives

Complete analysis of all thermodynamic data pertaining to the solubility of gibbsite and boehmite
garnered in this program with appropriate, verified data taken from the literature. This treatment
will provide a unified set of equilibrium constants and associated thermodynamic parameters from
ambient conditions to 300°C and ionic strengths of up to five molal.

Kinetic studies of the dissolution/precipitation of gibbsite and boehmite will continue in the
existing hydrogen-electrode concentration cells to gain unique rate data on these processes,
instigated by small and large isothermal perturbations in pH from the equilibrium state. These
investigations will then extend to more complex aluminosilicate minerals using this method and
perhaps conventional flow-through reactors equipped with down-stream pH monitoring.

The solubility quotients for gibbsite and boehmite obtained in this program will be substituted into
the codes commonly used in the geothermal industry. In particular, the Pitzer ion-interaction model
will be used to treat the solubility/hydrolysis quotients, Qg and Qsg4, as well as isopiestic data on
the Na-Al(OH),-Cl system gathered earlier in this program. Note that the current limit of the EQ3-6
code for this system is 100°C.

Solubility measurements will also be carried out on aluminum-rich scales obtained from active
geothermal fields.

Expected Outcomes

A consistent set of thermodynamic parameters will be generated, which will define the prevalent
aqueous aluminum species, as well as the chemical composition of solutions in equilibrium with
rock-forming minerals, at geothermal reservoir conditions.

The results will be treated to allow them to be readily incorporated into chemical reaction and
transport computer codes in common use by the geothermal industry.
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. The dissolution/precipitation kinetics and solubilities of aluminosilicates will be studied with the
intent of addressing problems associated with brine reinjection, scaling, and corrosion in down-
hole and in-plant systems.

. Solubility results on actual scales should provide information on expected incongruent reactions
that release constituents to the aqueous medium. Quantitative knowledge of these nonequilibrium
reactions will provide a guide for scale removal and mitigation procedures used in the industry.

PROJECT BACKGROUND AND STATUS

Accurate models for the thermodynamics and kinetics of processes at mineral-aqueous interfaces are
essential to the prediction of corrosion and scale formation in geothermal systems. The effects of other
activities, such as fluid extraction and spent fluid reinjection on reservoir porosity and permeability, can
also benefit from model calculations based on sound fundamental data obtained in the laboratory.

The solubility of gibbsite in NaCl solutions to 5 molal over a wide range of pH to 80°C was investigated
in the initial phases of this program. These studies were performed using a batch technique, which
involved either calculations of pH from the stoichiometric concentrations of initial acid or base and the
measured concentration of aluminum in solution with a known speciation, or the use of pH buffering
agents. The solubility studies (Wesolowski, 1992; Palmer and Wesolowski, 1992; Wesolowski and
Palmer, 1994) were complemented by a potentiometric determination of the first hydrolysis quotient for
AI**, which was carried out to 5 molal ionic strength (NaCl) and 125°C (Palmer and Wesolowski, 1993).
Combination of these results yielded solubility quotients for gibbsite to form AI’*, AI(OH)*", AI(OH),",
and AI(OH),. Additional solubility experiments in non-complexing sodium triflate solutions established
that no detectable ion pairing occurred, at least at 50°C, between AI’" and CI', which was the dominant
anion in the supporting electrolyte used throughout this entire investigation. Moreover, other experiments
in sodium nitrate media with gibbsite that had never been exposed to chloride ion, established that
chloride had no specific effect on this solid phase that could be detected as anomalous solubility.

The second stage of this research program involved a thorough study of the thermodynamics of aqueous
aluminum at temperatures above 100°C, which required a different approach, in that use of pH buffers is
impractical due mainly to their limited thermal stabilities and to the likelihood that their interactions with
dissolved aluminum species would become even stronger with increasing temperature. Furthermore, the
batch method was considered too time-consuming to investigate not only the temperature dependencies of
the solubility equilibria, but also the influence of salinity on speciation, which is substantial and most
directly relevant to geothermal environments. Note that the effect of salinity has not been addressed in
any of the previous high temperature studies. The current program focuses on the solubility of boehmite
in the 100-290°C range at ionic strengths of 0.03 to 5 molal (27.5 wt %) using the hydrogen-electrode
concentration cell, which allows continuous pH monitoring in conjunction with periodic sampling and
analysis of aluminum in the aqueous phase, and the kinetics of gibbsite and boehmite
dissolution/precipitation reactions using the pH-perturbation method.

This research program benefits substantially from three projects funded by the DOE Office of Basic
Energy Sciences, namely two from the Geoscience Research Program entitled "Fundamental
Geochemistry of Geothermal Systems", and "Experimental Studies of Hydrothermal Processes
Employing In Stu pH Measurements", as well as the project entitled "Basic Aqueous Chemistry to High
Temperatures and Pressures"”, funded by the Chemical Sciences Division. These programs permit more
detailed, fundamental studies of certain aspects of aluminum chemistry, such as complexation by organic
and inorganic ligands occurring in natural and experimental solutions.
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APPROACH

Detailed laboratory-scale measurements of the solubility of gibbsite and boehmite have been made under
controlled conditions of temperature and ionic strength. The technique of monitoring pH in situ during
each solubility experiment was developed in this program and has proven invaluable at high temperatures
by providing accurate, expedient and unique thermodynamic and kinetic results. This is particularly
apparent at the solubility minimum for boehmite, which was found to be lower by almost a log unit at
300°C than previously acknowledged. Initial kinetic studies have been initiated on the
dissolution/precipitation reactions of gibbsite and boehmite by monitoring the associated change in pH as
a function of time. Modeling efforts were also initiated to establish the reliability of codes used by the
geothermal community in regard to aluminum chemistry.

RESEARCH RESULTS AND VARIANCES

Treatment of the recently acquired boehmite solubility data in NaCl solutions is complete and now a
consistent set of thermodynamic quantities are available for the boehmite dissolution equilibria from 100
to 290 _C, and from infinite dilution to five molal ionic strength. Moreover the hydrolysis quotients
obtained at these conditions are fully consistent with those derived from gibbsite dissolution and already
published from our earlier program. The effect of increasing ionic strength (from 0.03 to 5 molal) is to
shift the solubility minimum to higher pH, increasing the stability of AI’* and minimizing the stability
fields of the hydrolyzed species other than that of the aluminate anion (Bénézeth et al., 1997). Note that
three manuscripts describing the thermodynamics of boehmite dissolution are currently in preparation
(Palmer et al, 2000a,b; Bénézeth et al., 2000).

A logical extension of the solubility studies on boehmite in NaCl brines was to conduct a number of
solubility studies in tetramethylammonium chloride (TMACI) solutions in basic solutions at 200°C (I =
0.1 molal). The TMA" cation is known to form very weak ion pairs with singly-charged aqueous anions.
However, we were unable to detect any increase in solubility with increasing sodium concentration at
constant ionic strength and pH, and can therefore only place a possible maximum value on an Na'-
AI(OH)4 ion pair formation constant at this time.

As yet unpublished isopiestic data on sodium aluminate solutions from 100 to 169°C are available from
measurements carried out in our laboratory for the geothermal program. Although solubility data exist in
the literature for boehmite in relatively high caustic solutions, it was decided to conduct some batch
experiments to verify the accuracy of these results and to provide the needed ‘“high aluminate
concentrations” that would contribute to the modeling effort. A series of experiments was conducted from
100 to 200°C in a Teflon-lined autoclave up to approximately four molal total NaOH with aluminate
concentrations up to 1.9 molal. Beyond this concentration, precipitation of an aluminate phase occurred in
the sampling lines indicating the upper concentration limit for these experiments.

We have now successfully completed the first stage of the modeling program based on the Pitzer ion
interaction treatment for the Na-Al(OH), —OH system. The modeling effort incorporates the osmotic
coefficient data (110-169°C) from Howard Holmes (retired, ORNL) and equilibrium solubility quotients
for the reaction:

AlOOH + OH" + H,0 AI(OH)4

These quotients were either obtained in the current geothermal program last year. The values of $°, $', C
for NaAl(OH),, and the mixing parameters 2opn aioms and Ryaonaions, were fixed at 25°C according to
Wesolowski (1992), which were based on the equivalent gibbsite solubility data. The infinite dilution
solubility constants were taken from our boehmite solubility data. It was found that only 3 temperature-
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dependent terms were needed to fit the entire boehmite solubility/osmotic coefficient data set. The
temperature-dependent terms were in the parameters $" and $' for NaAl(OH), and rpa.on.aions. We have
also adapted the commercial code EQ3/6 database formulated on the Pitzer model to include the
parameters of Wesolowski (1992) for sodium aluminate and NaOH from Simonson, Mesmer and Rogers
(1989). This modification allows the code to run to 300°C for the Na-Al(OH),-OH system. These
parameters will next be replaced by the parameters derived from the present work. The current predictions
of the modified EQ3/6 program to 300°C also confirm that only small modifications are needed (i.e., as
indicated by the need for only three temperature-dependent adjustable variables), in order to fit the high
temperature solubility data. This supports the overall conclusion that we now have a unified model for
aqueous aluminum from ambient to high temperature, and from infinite dilution to solutions with ionic
strengths on the order of 20 molal.

During this period, the boehmite and gibbsite dissolution/precipitation rates have been investigated in
basic media. The aqueous speciation is less complicated compared to acid/neutral systems in that, over a
wide pH, temperature and salinity range relevant to various geothermal and industrial systems conditions,
the aluminate, AI(OH)4, is the dominant species. The boehmite kinetic experiment was initiated at 100°C
and 0.1 molal NaCl ionic strength, whereby boehmite was suspended in dilute NaOH in ca. 0.1 molal
NaCl. Cell potential, temperature and pressure were recorded as a function of time and a sample
withdrawn after 24 hours for analysis of aluminum by spectrophotometry. The pH was then perturbed by
addition of an acidic titrant to create a solution supersaturated with respect to boehmite, thereby allowing
us to follow the kinetics of the precipitation reaction. Several precipitation steps were performed in this
way, with sampling of the solution before the following titrant addition. As the near-neutral pH region
was approached, several additions of a basic titrant were then performed to follow the kinetics of the
dissolution reaction. After completion of the precipitation/dissolution cycles at 100°C, the temperature
was raised to 150°C to begin new sets of precipitation/dissolution cycles, at 50°C intervals up to 290°C.

The rates of both boehmite dissolution (kgss) and precipitation (k,..) are relatively fast at high
temperature, so that only the dissolution runs performed at 100°C have been analyzed in detail. However,
the equilibrium solubilities obtained after each addition of acid or base are in excellent agreement with
our previous solubility measurements performed at the same conditions (from 100 to 290°C, 0.1 NaCl).
The results of the boehmite dissolution experiment were first converted from pH,, to total aluminum
molality [AI(OH),] versus time. The principle of detailed balancing was applied and hence:

d[AI(OH),1/dt = KgissC — Kpree Cpymayopys-= 0

where C stands for the ratio of total surface area of boehmite to the mass of solution. Thus, a plot of rate,
d[Al(OH),]/dt, versus my; hayomy- is linear with an intercept and slope proportional to the respective rate
constants. The ratio of the forward and reverse rate constants should be equal to the overall equilibrium
solubility quotient Q. For the two dissolution cases investigated, the values of log(Kaiss/Kprec) are in
excellent agreement, within 0.1 log units, with the corresponding equilibrium constants obtained from the
fit of the boehmite solubility at the same conditions (100°C, 0.1 molal NaCl, logQg,=-12.74). Boehmite
proved to be an ideal phase for study, in that its dissolution/precipitation kinetics permitted demonstration
of reversible equilibrium solubilities at all temperatures studied and no other phases formed as a result of
incongruent dissolution or precipitation from a supersaturated state. Similar experiments were recently
initiated with gibbsite at 50°C and 0.1 molal NaCl ionic strength, whereby gibbsite was suspended in
dilute NaOH in 0.1 molal NaCl. Again, equilibrium solubilities (Q,4) obtained proved to be in excellent
agreement with the previous batch gibbsite solubility results (Wesolowski, 1992, and Wesolowski and
Palmer, 1994) for the entire pH range investigated (from 10.3 to 8.4). Using the same principle as applied
to the boehmite reaction, the values of log(Kais/Kprec) are also in excellent agreement with our previous
solubility data of Wesolowski and Palmer (1994) (logQ.s,=-13.86) within 0.1 log units. As the principle of
detailed balancing works for both boehmite and gibbsite, we anticipate that their dissolution and
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precipitation rates can be obtained without the need of measuring both of them. Nevertheless, this
hypothesis is currently being checked experimentally. In addition of the accurate measurement of pH,
temperature and pressure, as well as surface characterization, several experimental variables are also
being currently checked, such as stirring rate, solid/solution ratio, salinity, pH and temperature, to gauge
their effect on the kinetics.

Also, during this period, siliceous scales deposited at the Salak geothermal field (Indonesia) were sent to
us by D. Gallup (Unocal, Ca). This scale is a natural precipitate from injection brine at ~177°C and seems
to consist of aluminum-rich amorphous silica. A portion of the composite was ground and sieved again to
retain the fraction between 40 and 100 pm. Detailed characterization was performed on the powder and
the corresponding composites by SEM and XRD. The SEM images of the dark composite showed
colloidal agglomerated particles, probably corresponding to amorphous silica as the qualitative chemical
analyses (EDS), performed at various locations on the selected sample, revealed silicon and oxygen as the
predominant elements. Aluminum is also present in most of the particles with traces of S, Fe and Mg.
Some needle-like crystals were also found and consist of SiO, associated with magnesium and sodium.
The presence of iron is clearly associated with sulfur as shown by chemical analyses during the SEM
imaging, and was confirmed by XRD, which revealed very well crystalized pyrite. As discussed below,
we are now initiating dissolution/precipitation studies with this material.

FUTURE ACCOMPLISHMENTS

The hydrogen-electrode concentration cell approach is entirely amenable to studies of the rates and
equilibrium constants of mineral transformation reactions, such as the hydrolysis of feldspars via
reactions like the alteration of potassium feldspar to muscovite and quartz:

3KAISi;Og + 2H" KAI5Si30,o(OH), + 2K" + 6Si0,

If these phases react sufficiently rapidly to achieve equilibrium in a few weeks at temperatures of
200-300°C in our cells, which are magnetically stirred with high efficiency promoting rapid attainment of
solid/liquid equilibrium, the kinetics of this reaction will be investigated in detail. This knowledge will
aid in predicting, pH, steam corrosivity and scale formation in geothermal systems. Furthermore, by first
establishing an equilibrium K'/H" ratio, then quickly changing this ratio by titration of acid, base, or
potassium into a solution in equilibrium with the mineral assemblage, and monitoring the rate of change
of pH to a new equilibrium value, we can obtain the rates of reaction, both at near- and far-from-
equilibrium conditions, as a function of temperature, pH, salinity, and mineral grain size.

Future studies will involve equilibrium solubility and dissolution/precipitation rate determinations of a
number of aluminosilicate phases prevalent in geothermal reservoirs at higher temperatures, including the
amorphous silica/alumina scale described above from the Indonesian geothermal system, using the
hydrogen-electrode concentration cell. The only limiting factor in the use of these cells will be the
formation of additional phases during the course of the experiments. Therefore, we have initiated studies
of gibbsite, for which equilibrium data are available from earlier work in this program and we know that
at least in the dissolution reaction, no other phases are formed. We will then undertake to investigate
aluminosilicate solubility equilibria and kinetics by first determining the dissolution and precipitation
kinetics of increasingly complex aluminosilicates, including kaolinite and dickite.
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STEAM-WATER CAPILLARY PRESSURE IN GEOTHERMAL ROCKS
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PROJECT BACKGROUND AND STATUS

Steam-water capillary pressure has a significant effect on water injection into and production from
geothermal reservoirs. The mass transfer between steam and water phases makes it very difficult to
measure steam-water capillary pressure using routine methods such as the semipermeable porous plate
method and centrifuge method. Due to the difficulties in measuring steam-water capillary pressure, very
few steam-water capillary pressure data are available. We used a steady-state flow method to measure
steam-water capillary pressures using an X-ray CT technique to monitor and measure the saturation and
distribution of water in the core sample. The drainage steam-water capillary pressure was calculated using
a formula derived from the Kelvin equation after measuring the pressures and temperatures of the water
phase.

PROJECT OBJECTIVES
Technical Objectives
. To measure steam-water capillary pressure in rocks.

. To develop a correlation to permit the estimation of steam-water capillary pressure in geothermal
reservoir rocks under reservoir pressure and temperature.

Expected Outcomes

. A procedure to determine capillary pressure in geothermal reservoirs, for use in estimating future
production performance. Optimizing production strategy by properly simulating the steam-water
flow behavior has the potential to improve overall reservoir productivity by 30-50%

. A set of measurements of steam-water capillary pressure to establish a set of reasonable values for
this parameter for reservoir calculations.

APPROACH

In this project, a method to calculate steam-water capillary pressure has been developed using the data
from steady-state steam-water flow experiments by Mahiya (1999). An X-ray CT technique was used to
monitor and measure the water saturation and its distribution in the core sample. The pressures and
temperatures of water phase in a Berea sandstone sample were measured at different axial positions.
Water saturation was varied by changing the flow rates of steam and water at the inlet of the core sample.
Experiments were conducted under near-adiabatic conditions controlled automatically by a computer.
Steam-water capillary pressures in the Berea sandstone sample can be calculated using a formula derived
from the Kelvin equation together with the measured values of the pressure and temperature of the water
phase. Following that, the steam-water capillary pressure of a rock sample from The Geysers field can be
computed on the basis of the results from the Berea sandstone sample by a method developed during the
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project using the concept of a J-function. The values estimated by this approach were compared to the
vapor-water capillary pressures measured by Persoff and Hulen (1996) using an adsorption method.

RESEARCH RESULTS

The steam-water capillary pressures calculated using the procedure described by Li and Horne (2000)
with the experimental results of steady-state flow of steam and water in a Berea sandstone sample are
shown in Figure 1 which shows a drainage capillary pressure curve. The entry capillary pressure of steam
is very small for this sandstone sample. The steam-water capillary pressure in the Berea sandstone sample
at a water saturation of about 30% is around 0.07 Mpa (10.4 psi). The water saturation remaining in the
core sample after the drainage by steam flooding is about 28 %.

We scaled the experimental values of steam-water capillary pressure from Persoff and Hulen (1996) to
the temperature of 120°C. The surface tension of steam/water at 120°C is 54.96 dynes/cm. The
comparison of the steam-water capillary pressure for a Geysers rock by the calibrated steady-state flow of
this project and the adsorption methods of Persoff and Hulen (1996) is shown in Figure 2, based on the
same temperature. The two sets of steam-water capillary pressure values are remarkably consistent after
the calibration.

FUTURE PLANS

The results of steam-water capillary pressure calculated by applying the Kelvin equation to the data from
steady-state steam and water flow experiments are very preliminary, although Figure 2 shows remarkable
consistency between the capillary pressure values obtained by steady-state flow and adsorption methods.
The main uncertainties are the J-function and the contact angle in steam-water-Berea and steam-water-
geothermal rock systems. If the difference of the J-function and the contact angle between the steam-
water-Berea and steam-water-geothermal rock systems could be identified, then we could calculate the
steam-water capillary pressure of geothermal rocks more accurately. It takes much less time and effort to
measure the steam-water capillary pressure in highly permeable rocks than in low permeability rocks.
Unfortunately, few data for the J-function and the contact angle in geothermal rocks are available. Hence,
the application of the steam-water capillary pressure model to geothermal reservoir engineering will
depend on further research on these parameters.

Another important question also remains: is there any difference between steam-water capillary pressure
and air-water or nitrogen-water capillary pressure? If there is no difference, we could measure air-water
capillary pressure as a substitute of the steam-water capillary pressure. The air-water measurements are
very much easier to conduct. We have embarked on a project to measure the steam-water and air-water
capillary pressures using the same rock sample.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

Industrial developers of geothermal energy have take an interest in this project and the possibility of
improving production forecasting.
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Figure 1. Steam-water capillary pressure curve calculated from the data of steady-state flow of steam
and water in a Berea sandstone sample.
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Figure 2. Comparison of steam-water capillary pressure curves by steady-state (SS) flow and adsorption
methods for a rock from The Geysers field.
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STEAM-WATER RELATIVE PERMEABILITY IN GEOTHERMAL ROCKS

Roland N. Horne
Stanford University

KEY WORDS
relative permeability, steam-water, phase change, X-ray CT scanner

PROJECT BACKGROUND AND STATUS

The reliable measurement of relative permeability functions for steam-water flows in porous media is of
great importance for reservoir simulation in order to forecast production performance of geothermal
reservoirs. Despite their importance, these functions are poorly known due to the lack of understanding of
steam-water flows, and to the difficulty of making measurements. Traditionally, these functions are taken
directly from isothermal, immiscible gas-liquid displacement processes. However, the use of such
functions is not appropriate because these processes do not involve the two important phenomena
pertinent to steam-water flows: heat transfer and phase change. Therefore, the objective of this research
project is to determine the appropriate relative permeability functions for steam-water flows in
geothermal reservoirs, as well as to investigate their properties as a function of temperature and flow rate.

The Stanford Geothermal Program has used an X-ray CT (Computer Tomography) scanner to obtain
accurate saturation profiles by direct measurement. During the earlier years of the project, we have
carried out experiments with nitrogen-water flow and with steam-water flow, and examined the effects of
heat transfer and phase change by comparing these sets of results. In porous rocks, it was found that the
steam-water relative permeabilities follow Corey type relationships similar to those in nitrogen-water
flow, but that the irreducible gas phase saturation is smaller for steam than for nitrogen. The irreducible
saturations represent substantial fractions of the recoverable energy in place yet are hard to determine in
the field. Understanding the typical magnitude of irreducible saturations will lead to a much clearer
forecast of geothermal field performance. In fracture flow, indirect measurements suggested that the
relative permeabilities follow a linear (or "X-curve") behavior -- but there is still considerable uncertainty
in the knowledge of this behavior.

PROJECT OBJECTIVES
Technical Objectives

. To measure the steam-water relative permeabilities in rocks, in order to provide reasonable
relationships for use in the simulation of actual reservoir performance.

. To determine the fundamental flow behavior of two-phase boiling flow in real rocks.
Expected Outcomes
. A set of experimental relative permeability curves that can be used in reservoir simulation.

Applying the correct behavior in simulation could make a difference in the calculated performance
by as much as 50% of total production—hence the value in measuring relative permeability is a
substantial increase in the certainty of prediction of reservoir performance.
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. A set of relationships to determine the variation of relative permeability as a function of reservoir
and flow conditions. Providing the correct relationships will improve the certainty of reservoir
performance predictions.

APPROACH

The physical parameters required to establish relative permeability curves are pressure, temperature, heat
flux, flow rates and saturation. The experimental apparatus used during this project by Satik (1998) and
Mabhiya (1999) made use of a nonmetallic coreholder made of the material PEEK, with a series of
pressure and temperature measurements made along the interior axis of the core. Steam and water were
injected independently into two separate ports at the inlet end of the coreholder, each with their own
positive-displacement pump. The water used for injection was deaerated by preboiling, and then reheated
by immersion heaters that were constructed within the inlet endplate of the coreholder. This configuration
reduced heat losses between the heater and the core entry that had been a concern to Sanchez and
Schechter (1990). Heat losses from the core were cancelled out using thin-film guard heaters under
automatic computer control.

RESEARCH RESULTS

The results of the 1999 experiments are shown in Figure 1. The behavior of the relative permeability
curves in these measurements is clearly of the Corey type, and shows little difference between drainage
and imbibition processes. The relative permeability values are in close agreement with the values of both
Satik (1998), for the same rock, and with the values of Sanchez and Schechter (1990), for an
unconsolidated sand. Figure 2 shows the comparison in terms of ks vs. K., showing the agreement
between these three measurements, and the substantial difference of the results of Ambusso et al. (1996).
Also shown on Figure 2 are the relative permeability values for nitrogen and water (imbibition process),
as measured in the same core and experimental apparatus used by Mahiya (1999)—although similar in
shape, it is clear that the relative permeability to nitrogen is less than that to steam, mainly because the
irreducible nitrogen saturation (about 0.3) is significantly greater than the irreducible steam saturation
(about 0.2). The same data, plotted as a function of water saturation in Figure 3 shows that it is the gas
relative permeability that differs most prominently between steam and nitrogen—the water relative
permeabilities are almost the same.

FUTURE PLANS

Although the experimental challenges involved in measuring steam-water relative permeability are
daunting, the experience of the Stanford Geothermal Program and the facilities available to us provide
expectation that the difficulties will be overcome. Unlike oil-water relative permeability, which is
measured routinely in the oil business, steam-water flow is rendered much more complicated by the fact
that the two flowing fluids, steam and water, can and do interchange freely by the processes of boiling
and condensation. Measuring the in-place saturation using the X-ray CT scanner and using the pressure
measurements over the section of the core that shows constant saturation obviates the phase interchange
problem. Accurate measurement of the flowing saturation was a new challenge, since it required the
estimation of the enthalpy. Although the determination of enthalpy was problematic, the use of thin-film
guard heaters has alleviated this difficulty considerably since it has become possible to measure the
enthalpy prior to injection into the core with the knowledge that the enthalpy will not change during
transport.
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The targets of the project will be two:

(a) The measurement of end-point saturation values in a low permeability geothermal rock sample.
This experiment will take place over a longer period of time, and will be a static (or pseudostatic)
rather than a flowing experiment. The low end-point values will be estimated by reducing the
water saturation in the rock to its irreducible value, with a direct measurement of the saturation
using the X-ray CT scanner. The high end-point values will then be estimated by resaturating the
rock with water to find the saturation at which no more steam can be removed. Again, the
saturation will be measured directly using the X-ray CT scanner.

(b) To determine the properties of the steam-water relative permeability in fractured rocks.
INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

In a recent DOE research strategy meeting, one industry participant made the observation that he had not
until that time had any confidence in the values of relative permeability that had been used in the industry
and therefore that he considered the Stanford results to be very welcome.

Organization Type and Extent of Interest
Maxwell Technologies Proposed use of curves in reservoir simulations
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Figure 1. Experimental results from Mahiya (1999) adiabatic experiment. Closed symbols, drainage
curves; open symbols, imbibition curves.
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Figure 3. Comparison between steam-water (open symbols) and nitrogen-water imbibition (closed
symbols) relative permeabilities on the same rock core.
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WATER ADSORPTION

Miroslaw S. Gruszkiewicz, Juske Horita, and J. Michael Simonson
Chemical and Analytical Sciences Division, Oak Ridge National Laboratory

KEY WORDS
geothermal reservoir, adsorption, The Geysers, Awibengkok, rocks, porous materials

PROJECT BACKGROUND AND STATUS

Any reliable model of the behavior of vapor-dominated geothermal reservoirs must include information
about the amount of water retained on the surface of the rocks by adsorption and by capillary forces. All
porous materials, including rocks, can retain water as multi-layer adsorbate on all of their internal
surfaces, as pore-filling adsorbate in the micropores (widths up to about 20 A) and as multi-layer
adsorbate and capillary condensate in the mesopores and macropores (widths up to about 1000 A). This
retained water has a density close to the density of bulk liquid even if the temperature and pressure in the
reservoir are in the superheated steam region. To estimate the size of the available resource and to predict
pressure changes during operation it is important to know what fraction of the water is present in the
reservoir as adsorbed layers and as capillary condensate with an equilibrium vapor pressure lower than
that of bulk water. In liquid-dominated reservoirs, such as the Awibengkok geothermal field, West Java,
Indonesia, vapor-dominated conditions may exist in native steam caps which expand during reservoir
exploitation. Ideally, in such reservoirs, injection would be placed deep in the liquid zone, while the steam
would be produced from the shallow steam and two-phase zones. Operating experience suggests that the
water adsorbed in the pore system may act as either a source or a potential sink directly influencing the
response to both production and reinjection. This response may be influenced by adsorption/desorption
hysteresis. The same surface forces and pore system properties that cause vapor pressure lowering and
water condensation on solid surfaces are also involved in the transport and separations of artificial tracers
and natural components of geothermal fluids. Thus information obtained in studies of water adsorption
can be useful in solving a wide range of issues where the solid-liquid interface plays an important role.

Since the physicochemical complexity of geothermal rocks makes it impossible to predict their water
retention at different temperatures and pressures with any certainty, the most useful data are those
obtained at temperatures near the actual reservoir temperatures. The temperature in most of The Geysers
reservoir is approximately 240°C, and a higher temperature reservoir is found in the northwest area of the
field. The temperatures measured in several Awibengkok wells range from 225°C to 285°C. The
experimental data on water adsorption/desorption published in the literature have been limited to about
150°C, with most of the experiments conducted at 120°C or 130°C and below.

This project was undertaken in order to expand significantly our knowledge of the adsorption/desorption
processes useful for operating geothermal reservoirs. The following work has been completed in this
project:

. The Oak Ridge National Laboratory (ORNL) isopiestic apparatus was overhauled. Improvements
were made to achieve the highest possible accuracy.

. The 150°C, 200°C and 250°C adsorption and desorption isotherms in the relative pressure range
from vacuum to saturation were determined for 12 rock samples in three grain size fractions taken
from three wells at the Geysers geothermal system, and for four pure mineral samples. Water
adsorption/desorption isotherms at 150 and 200°C and adsorption isotherms at 250°C were
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measured on ten samples of AWI 1-2 core, two samples from The Geysers and two zeolite
samples.

. The experimental data were reduced by fitting isotherms to empirical correlations of the amount of
water retained as a function of relative pressure. Approximate pore size distributions were
calculated from the water adsorption/desorption isotherms. A paper describing the results on The
Geysers core samples was accepted for publication in Geothermics.

PROJECT OBJECTIVES

Technical Objectives

. Experimental determination of water retention capacities on geothermal rocks as a function of
vapor pressure at temperatures from 150°C to 250°C when pressure is increasing (‘adsorption’

isotherms) and decreasing (‘desorption’ isotherms).

. Characterization of the rocks using high-temperature water adsorption results, mineralogical
descriptions, and low temperature nitrogen adsorption data.

. Correlation of the water retention phenomena in the reservoirs with rock characteristics and T-p
conditions.

Expected Outcomes

. Obtain unique, reliable water retention data for representative core samples at the reservoir

temperature. These data, including hysteresis behavior, will be available for use in reservoir models
and in injection/production simulations.

. Resolve the issue of the temperature dependence of the amount of water retained.
. Determine the predominant water storage mechanism and the best way to model adsorption.
. Expand the available knowledge about the structure of the rocks and about rock-water interactions.

Gain insights into both chemical and physical rock surface-water interactions that are present in
geothermal reservoirs.

APPROACH

The ORNL high-temperature isopiestic apparatus is a unique facility capable of precise and accurate
measurements of the change of mass of a sample under high temperature-high pressure conditions. This
capability makes it suitable for measurements of adsorption by materials characterized by small specific
surface areas. The parameter measured is the mass of the solid as a function of vapor pressure. The
sorptometers that have been used most often rely on measurements of vapor pressure in a chamber of
known volume containing the sample. The total volume of the instrument is kept small to increase its
sensitivity to relative pressure changes, but the small volume also makes the instrument more sensitive to
leaks, temperature variation, and errors in calibration of the internal volumes. In the isopiestic apparatus
the mass is measured directly in situ by comparison with a set of standard weights placed inside the
pressure vessel together with the samples. The densities of the samples, which must be known in order to
correct the results for the effect of buoyancy, are measured inside the isopiestic apparatus by weighing the
samples in vacuum and then in the atmosphere of a compressed gas (e.g. Ar) of known density. The large
volume of the isopiestic vessel (about 28 liters) makes the method relatively insensitive to leaks. These
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characteristics make it relatively easy to evaluate the time needed for reaching equilibrium, as the samples
may be left under the same vapor pressure for many days and the change of mass with time can be
monitored. The isopiestic apparatus is capable of, and has been previously used for, measurements to
250°C and 40 bar.

In conjunction with the high temperature water adsorption measurements, multipoint BET surface area
analyses using nitrogen adsorption measurements at 77 K, and mercury porosimetry analyses were
performed on the same rock samples by Micromeritics using state-of-the-art cryogenic sorptometers and
high-pressure porosimeters in order to obtain information on specific surface area, total pore volume, and
pore size distribution. With the pressure range from vacuum to 60,000 psia the mercury intrusion
technique covers pores from 3 nm to over 100 um, while low temperature adsorption is a well-developed
standard method for determination of specific surfaces and provides the most accurate information about
pores up to roughly 50 nm.

Scanning electron microscopy is also used to examine the structure of the samples and detect possible
changes in the structure and the composition of the samples caused by exposure to steam at high
temperature. Such changes are expected to be found, since both nitrogen adsorption and mercury
porosimetry results indicated that the pore structure changed during water adsorption experiments.

RESEARCH RESULTS AND VARIANCES

A series of water adsorption and desorption measurements on geothermal rock samples was carried out at
150, 200, and 250°C. This was the second experimental measurement of high-temperature water
adsorption on geothermal solids using the ORNL isopiestic facility. The first run, including rock samples
from three geothermal wells located at The Geysers reservoir, California, proved that the direct-weighing
method is useful and accurate even for rocks with very small adsorption capacities. After several
improvements of the apparatus were made, the overall uncertainty in the amount of water retained was
reduced significantly. Some subtle features of water adsorption isotherms were found which could not be
detected previously. The time needed for determining a complete isotherm (for 15 or 16 samples
simultaneously) was also reduced, due to the increased overall reliability. The only problem remaining is
the susceptibility of the electromagnetic balance suspension ribbons to rupture, usually at the highest
temperature. One of the Elgiloy ribbons failed during the last run after the adsorption branch at 250 C was
completed. The apparatus was shut down and the balance will have to be repaired before continuing the
measurements.

Fragments of the continuous AWI 1-2 well core were obtained from the Energy and Geoscience Institute,
Salt Lake City, Utah. Ten samples included in the current set were taken from nine depths between 871 m
(2858 ft) and 1674 m (5492 ft). The samples were prepared in such a manner as to obtain representative
aliquots for the core sections and to avoid segregation of the component minerals. The disk attrition mill,
which was previously the source of contamination with steel powder, was not used. Each of the AWI 1-2
core fragments (7 to 10 cm in length) was cut in two parts along the length of the well. One part was
crushed only to the extent necessary for it to pass entirely through a 4.75 mm standard sieve (No. 4), so
that no large grain-size fraction was produced. A No. 35 standard sieve was then used to separate grains
smaller than 0.5 mm. The amount of this fine fraction was relatively small, and its density was only
slightly higher than that of the main fraction (e.g. 2.846 vs. 2.794 g/cm’), indicating that the amount of
very fine powder was small.

The experimental adsorption results could depend on sample grain size. Some of the possible effects of
grain size reduction are:
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. simple increase of the external surface area - most important in nonporous solids where all the
available surface is external;

. exposing to the gas phase the surfaces and volumes of closed pores;

. exposing to the gas phase highly adsorptive minerals which might have been protected by a layer
of less active solids;

. reduction of the time needed for the transport of water through open pores to all the internal surface
of the solid.

Previous adsorption measurements on three grain size fractions have shown that there is no detectable
effect of sample grain size as long as the grains are not very small (below 0.1 mm). The time needed to
reach equilibrium did not depend on the grain size in the range investigated. The irreversible adsorption
observed in the small grain size fractions was attributed entirely to the contamination of the samples with
iron. In order to verify this conclusion, one of the small grain size fractions (AWI 1-2 11 sample from the
depth of 1674 m) was included in the present run. The results supported the earlier conclusion. The
shapes of the adsorption isotherms for the two grain size fractions of the sample AWI 1-2 11 (1674 m)
were similar, with the specific surface area about 1.5 times greater for the fine fraction. No irreversible
adsorption similar to that observed earlier was found.

Two samples from The Geysers, wells MLM-3 (1325 m) and CA1862-4 (1361 m) were also included in
order to verify the results obtained by two laboratories using different methods. These samples were
previously investigated by Satik et al. (Stanford University Geothermal Program) and the desorption
branches were not in good agreement with our typical results. The present results are consistent with our
earlier observations (Gruszkiewicz €t al., 1996). It seems that assuming a leak in the Stanford apparatus,
either in the solenoid valves or the sample holder, can explain most of the observed differences. At low
pressures the amount of water lost to the leak (and attributed erroneously to adsorption) was small, and
the agreement with our results was good. However, obtaining a low vacuum necessary to completely
degas the sample was not possible, and the sample was not completely dry at p/py = 0. As a result the
knee on the isotherms due to the completion of the monolayer was not visible. This caused the adsorption
branch to shift down by 0.5 mg/g in the case of MLM-3 7BT. As the pressure increased to saturation,
more water escaped the sample cell and was attributed to adsorption. For this reason the desorption
branch was always high, and the hysteresis loops were not closed. It is not quite clear why the error was
not evident on the adsorption branch and why the amounts adsorbed at the highest vapor pressure were
lower. Since in the region close to saturation adsorption/desorption tends to be slow, the times allowed for
equilibration could have been insufficient. The effect of incomplete equilibrium would counteract the
effect of a leak on the adsorption branch and reinforce it on the desorption branch.

Two zeolite samples (potassium-exchanged clinoptilotite and mordenite) provided by Dr. R. Wilkin
(Pennsylvania State University) were included in this measurement series. The purpose of this
collaboration is to investigate the correlations between the interaction of these pure minerals with water
and the structures of their various forms. Adsorption results on pure minerals are expected to help in
analyzing the isotherms for geothermal rocks. Adsorption of water on silica gel, chlorite, magnetite, and
anatase was investigated earlier. Zeolitic minerals (e.g., wairaikite) are present in the Awibengkok
reservoir.

In order to obtain additional information about surface areas, volumes and structures of the pores, selected
samples were investigated using nitrogen adsorption and mercury intrusion methods. These analyses were
performed by Micromeritics (Norcross, Georgia). Samples of all the core fragments used in this work
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were sent back to Jeffrey Hulen (Energy and Geoscience Institute) who will provide their mineralogical
and petrological descriptions.

Water adsorption capacity results for the AWI 1-2 samples show large differences between samples from
the same well. Preliminary analysis shows a correlation of water adsorption with the lithology of the
corehole. It appears that, as observed earlier, the proportion between the grain and matrix material is a
good rough predictor of water adsorption capacity. The sample AWI 1-2 5 showed an extremely high
water adsorption capacity (30 mg/g at p/p, = 0.8, more than any of the previously investigated geothermal
rocks) while the next sample along the core (AWI 1-2 6) adsorbed ten times less water, close to the least
adsorptive samples from The Geysers. Hydrothermal alteration mineralogy data compiled by Hulen show
that sample 5 might contain less than 5 % plagioclase and over 50 % illite, while for the sample 6 these
proportions could be reversed. Another interesting feature of sample 5 is a very wide low-pressure
hysteresis loop persisting down to relative pressure at least as low as 0.02. The high-pressure hysteresis
loop, due to capillary condensation, is narrower. This shape of the adsorption/desorption isotherm points
to clay minerals interacting very strongly with water.

BET specific surface areas obtained from nitrogen adsorption are unusually high for several AWI 1-2
samples (up to 12.4 m*/g). Although in general high BET specific surface areas contribute to high water
adsorption capacity, nitrogen and water adsorption are not strictly correlated because of different
chemical properties of the minerals. In many cases a larger specific surface area (as determined with
nitrogen) corresponds to less water adsorption. Using water and nitrogen adsorption data for a large
number of samples, it seems to be possible to classify geothermal rocks into four general types depending
on the combination of their surface areas and average affinities of these surfaces to water. From the
available data it appears that all four possible cases exist, but their occurrence in different reservoirs and
wells requires further studies. The two mixed cases (high BET area associated with low affinity to water
and vice versa) are more common than the extreme cases (high BET area associated with high affinity to
water and vise versa). As a result, water adsorption capacities of various geothermal rocks vary less than
would be expected from any single property of the solid. On a plot of BET specific surface area against
the hydrophobic character of the surface, many hydrothermal rocks would be clustered along a line with a
positive slope.

An interesting sudden decrease of adsorption was observed in several samples at 250°C. At p/py=0.5 four
samples showed a decrease of the amount adsorbed with increasing vapor pressure. It is likely that an
irreversible reduction of the available surface area occurred, caused by dissolution of a mineral or a
structural change. All the samples showed some gradual, continuous decrease in the adsorption capacity
with temperature. In some samples water or other adsorbent was apparently bonded to the surface very
strongly, so that evacuation at next higher temperature was accompanied by a further mass loss and an
apparent increase of the available specific surface area. For example, it appears that after prolonged
evacuation of sample 9 at 150°C more than half of its surface was still covered with an adsorbent which
was later removed at 250°C. As a result, the capacity for reversible adsorption tended to increase with
increasing temperature at low vapor pressures and decrease with increasing temperature at high vapor
pressures.

FUTURE PLANS

The results of this work contain a wealth of information about the interaction of geothermal rocks with
water. Adsorption isotherms for samples taken from a 800 m long section of well core show quite diverse
behavior at both very low (surface or chemical properties) and very high pressures (pore structure). Pore
area and volume distributions will be calculated from water adsorption results and compared with
nitrogen adsorption data. The results will be checked for consistency with detailed mineralogical
compositions. It is expected that general correlations of adsorption properties of geothermal reservoirs as
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a function of lithology, mineralogy, and hydrothermal alteration and reservoir physical properties will
begin to emerge.

After examining the samples and comparing with photomicrographs taken earlier, the BET specific
surface areas will be measured again. Taking into account the water adsorption results at 250°C described
above, it would not be surprising to see a dramatic decrease in the BET specific surface area values after
experiment for some samples. We will attempt to determine the reason for the irreversible changes at
250°C. If the changes are not visible in the low resolution images of the samples, scanning electron
microscope will be used to examine and compare samples before and after experiment.

The lithology of the corehole AWI 1-2 and adsorption results indicate that very different rocks can often
be found a small distance (several feet) apart. Therefore it may be important for a more accurate mapping
of the adsorption properties of the reservoir to start another cycle of adsorption measurements with more
samples. Some of the current samples will be included to see whether the changes described above were
indeed irreversible and complete. Starting another experimental run with new samples and perhaps pure
minerals would be more appropriate than obtaining the missing 250°C desorption isotherm for all the
current samples.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

Results of this study were presented at two Annual Stanford Geothermal Reservoir Engineering
Workshops in Stanford, California (1996 and 1998) and were published in the Proceedings. They were
also presented during two DOE Geothermal Program Reviews. The interest of the geothermal industry in
continuing water adsorption studies was confirmed during the meeting of ORNL research staff with
geothermal industry representatives in Santa Rosa, California in January 1998. The knowledge of the
adsorption/desorption isotherms and of the hysteresis characteristics is considered to be essential in
modeling the behavior of the reservoirs including the reservoir response to reinjection processes.
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ELECTRICAL AND FLOW PROPERTIES OF GEOTHERMAL ROCKS

Jeff Roberts, Al Duba, Brian Bonner, and Paul Kasameyer
Lawrence Livermore National Laboratory

KEY WORDS

core measurements, electrical properties of rocks, geothermal reservoir, electrical resistivity, steam cap
detection, pore fluid composition

PROJECT BACKGROUND AND STATUS

This project is an extension and generalization of The Geysers Scientific Corehole Project in which we
used laboratory geophysical methods, such as x-ray-computed tomography and electrical properties, to
characterize the transport and storage of geothermal fluids in core samples from The Geysers. The results
of this study are of general interest because understanding the transport of geothermal fluids and the rock
properties that control this transport process (porosity and permeability) are fundamental to the efficient
use of any geothermal resource. Electrical measurements for graywacke from The Geysers show that
boiling events can be detected through increases in resistivity. Under laboratory conditions of constant
imposed pressure, our results show that changes in resistivity are not abrupt, as expected for the brine—
steam transition in bulk media, but are spread over a range of temperatures. Boiling in fine pores is
retarded when capillarity causes a decrease in vapor pressure, and only the fluid in the largest pores boils
at the phase boundary determined for a bulk liquid (Roberts et al., 1997). These results have implications
both for geophysical exploration and reservoir management during production.

The current phase of this project began in FY97 with design of the apparatus. In FY98, we constructed
and tested the apparatus and collected our first data. During FY99, we have improved the apparatus but
have emphased measuring the properties of a variety of porous rocks, aiming at generalizing our previous
results and improving understanding of how resistivity changes are related to boiling.

PROJECT OBJECTIVES

Conduct laboratory core studies at elevated temperatures and pressures to determine how geothermal
fluids are stored, released, and transported at reservoir conditions and relate these characteristics to
geophysical data collected in the field.

Technical Objectives

. Design, fabricate, and test the first laboratory system capable of long-term measurements of
resistivity under conditions appropriate for geothermal reservoirs

. Use this system to provide ground-truth geophysical data to interpret field resistivity measurements
made by surface and borehole methods

. Use coordinated laboratory measurements, including resistivity, ultrasonic velocity, and
permeability, to characterize the behavior of geothermal fluids at reservoir conditions

Expected Outcomes

. Successful construction and operation of a high-temperature pressure apparatus capable of
simulating reservoir conditions
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. A data base of electrical properties needed to monitor and interpret processes (such as in situ
boiling and the formation of a steam cap) in evolving liquid-dominated geothermal systems such as
Awibengkok

APPROACH

Our approach is to determine the resistivity of geothermal rock for simulated field conditions by using
laboratory core studies (1) to calibrate electromagnetic surveys and resistivity logs, and (2) to observe and
characterize processes that control resistivity anomalies observed in the field. Previous work (Llera et al.,
1990; Roberts et al., 1997) demonstrated that the resistivity of geothermal rocks depends on the pressure,
temperature, composition, and state of the pore fluid. In our work, we measured samples for which
permeability and pore size distribution had been determined in earlier studies. These measurements
served a dual purpose: (1) test and debug the apparatus using well-characterized samples that produce
results that can be predicted within limits, and (2) take conclusions drawn from measurements for rocks
from well characterized geothermal areas and apply them to other rock types and region.

RESEARCH RESULTS
Apparatus Development

The original laboratory apparatus, which was fabricated for resistivity measurements of rocks from The
Geysers and is described by Roberts et al. (1997), was inadequate for quantitative long-term
measurements continuing for several months. In particular, we needed to add (1) automatic and active
control of confining and pore pressures, and (2) software to coordinate control, data acquisition, and
plotting. Measurement hardware, procedures, and electrode geometry were not changed from The
Geysers study, although the high-pressure electrical feedthroughs were improved for better long-term
performance and for ease of maintenance.

To generate confining and pore pressures, we specified a new pumping system, which was custom built
by a commercial supplier and then integrated with the existing pressure vessel. This system is capable
500-MPa confining pressure and separately controlled 50-MPa pore pressure. Differential pore-pressure
control makes it possible to flow fluid through the sample when the permeability is adequate. Software
written in National Instruments LabView provides control for the pressure system and coordinates data
acquisition and storage. A schematic of the apparatus is shown as Figure 1.

Resistance M easurements

Measurements were first performed for samples that were well characterized in previous studies. A tuff
from Nevada and a ‘synthetic rock’ (fused-glass beads) were selected for testing. In both cases,
permeability, electrical properties, and pore-size distribution had already been determined for less severe
pressure and temperature conditions. Therefore, baseline data were available for comparisons during
apparatus testing. The volcanic tuff has a porosity of ~11% and is a reasonable surrogate for rock from
composite hosted geothermal areas.

Two boiling events for the Nevada tuff are presented in Figure 2. The data trace shows that, in the first
event, sample resistance nearly doubled (from ~7000 to ~13,400 ohm) when pore pressure was reduced at
one end of the sample after ~4645 minutes at a constant temperature of 146°C and at a confining pressure
of 34 MPa (500 psi). This increase is not instantaneous, but occurs gradually as the fluid in smaller pores
boils and as the two-phase fluid redistributes within the pore network. The sample’s resistance largely
recovers when the pore pressure is returned to the starting value, quenching the vapor phase. The second
boiling event was initiated by lowering pore pressure at the other end of the sample. The behavior is quite
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different than the first event, suggesting access to larger pores near that sample end. The decrease in
resistance after approximately five minutes of boiling is not understood and is being investigated. The
resistance change is approximately equal for each boiling event, suggesting that the boiling region, which
is localized near the end of the sample in low-permeability samples, has similar gross properties and
geometry.

We chose to investigate the fused-glass-bead sample because of its high permeability (about 1 darcy) and
porosity (18%). High permeability ensured that pressure would be transmitted through the sample during
tests, and that the entire sample would contain two-phase fluid during boiling events. A particularly
interesting and unanticipated behavior of the resistance was observed during boiling events at an elevated
pressure and 145°C. Time dependent fluctuations in the data appear to originate in the sample. These
changes may to be caused by making and breaking electrical conduction paths as the two-phase fluid
(consisting of conducting brine and insulating water vapor) moves and rearranges within the sample. It is
well known that dripping liquids can be described by nonlinear dynamics, e.g., chaos. It appears that the
time dependence of resistance observed during boiling in this high-permeability sample may be controlled
by nonlinear dynamics of fluid movement. If confirmed in further experiments, this result may lead to a
new geophysical diagnostic that is based on measuring ‘electrical noise’ for boiling in high-permeability
areas of geothermal reservoirs.

Repeated boiling of the fused-glass-bead sample caused salt deposits to form as sodium chloride
dissolved in the precipitated pore fluid. Our attempts to redissolve the precipitate were unsuccessful, and
the experiment was terminated. Examination of the sample after the experiment showed that additional
porosity was created by a process analogous to the salt shattering of rock observed in desert climates. This
effect is under further investigation and may lead to a new method of permeability alteration that is based
on controlled precipitation and dissolution of solids dissolved in geothermal brines.

Preliminary measurements for andesite from Awi 1-2 were also conducted. The observed behavior is
similar to that for the tuff analog. All results are discussed in more detail in the GRC Proceedings
(Roberts et al., 1999) as listed in the references.

FUTURE PLANS

Our immediate goal is to conduct measurements for additional sub-core from Awibengkok (Awi 1-2) to
determine resistivity at elevated temperatures and pressures for this sequence from an andesitic composite
volcano. Measurements by Boitnott (1999) will be used to guide sample selection. Additional analysis
and experiments will be conducted to determine (1) if nonlinear fluid dynamics control the fluctuations in
resistance observed for high-permeability samples, and (2) if this result will scale to the field. The
possibility of permeability alteration caused by salt shattering at reservoir conditions will be investigated
further.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

Organization Type and Extent of Interest
Calpine Corp. Understanding and monitoring injection
EMI Calibration of effects detected by long EM tool
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CONVECTIVE PLUME SEPARATION IN HYPERSALINE
GEOTHERMAL SYSTEMS

Curtis M. Oldenburg and Karsten Pruess
Lawrence Berkeley National Laboratory

KEY WORDS

thermohaline convection, thermal retardation, double-diffusive convection, double-advective convection,
hypersaline geothermal systems

PROJECT BACKGROUND AND STATUS

This project is an extension of our prior studies of thermohaline convection in hypersaline geothermal
systems wherein we determined that layered convection is likely in anisotropic porous media (Oldenburg
and Pruess, 1998). Over the course of that earlier project, we observed thermal retardation effects.
However, it was not until this year that we were able to focus attention on these effects and investigate the
resulting process of plume separation. The results of our current work have been published in Oldenburg
and Pruess (1999).

PROJECT OBJECTIVES

The objective of the project is to investigate the role of thermal retardation in controlling natural
convection in idealized thermohaline systems.

Technical Objectives
. Use numerical simulation to investigate transient thermohaline free convection flow.
Expected Outcomes

. Bring to the attention of researchers the importance to natural convection of intergranular heat
exchange with the flowing fluid.

. Publish a research paper in a peer-reviewed journal.

. Present results at American Geophysical Union 1999 Fall Meeting (San Francisco, CA, December
13-17, 1999) and at the 25™ Geothermal Reservoir Engineering Workshop (Stanford, CA, January
24-26, 2000).

APPROACH

To carry out this study, we built on our prior work in simulating hypersaline systems (Oldenburg and
Pruess, 1998) and using higher-order differencing schemes (Oldenburg and Pruess, 2000). We developed
simple idealized two-dimensional flow systems based broadly on hypersaline geothermal systems (Figure
1) and carried out numerical experiments with the reservoir simulator TOUGH2 (Pruess €t al., 1999) of
transient thermohaline convection where the flows are upward, downward, and subhorizontal. The
resulting flow, temperature, brine mass fraction, and density fields reveal the properties of the various
convective flows.
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RESEARCH RESULTS

Our numerical experiments show the strong tendency for the brine plume to separate from the thermal
plume in transient thermohaline convection. This occurs because the thermal plume travels at
approximately the Darcy velocity due to intergranular heat exchange with the fluid, while the brine plume
travels at the pore velocity. For ascending plumes, the brine advances ahead of the thermal plume but
cannot move upward due to the higher density of the brine, and forms what we call a “density 1id”
(Figure 2). For descending plumes, the advancing brine plume moves easily downward ahead of the
thermal plume and efficiently separates from it (Figure 3). For lateral flows, such as would occur in a
geothermal outflow region, the brine plume advances ahead of the thermal plume, and then moves
downward due to the higher density of the brine.

FUTURE PLANS

Our studies will continue to investigate the role of thermal retardation in the evolution of sharp brine
interfaces in hypersaline geothermal systems. This research is of particular interest for companies
developing geothermal resources at the Salton Sea, southern California.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

Improved understanding of brine and temperature distributions in hypersaline geothermal systems is
relevant to energy production from liquid-dominated geothermal systems.
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Figure 1. Boundary and initial conditions for two-dimensional thermohaline convection.
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TOUGH?2, VERSION 2.0: A GENERAL-PURPOSE GEOTHERMAL
RESERVOIR SIMULATOR

Karsten Pruess, Curt Oldenburg, and George Moridis
E. O. Lawrence Berkeley National Laboratory

KEY WORDS

numerical modeling, coupled wellbore flow, multicomponent fluid mixtures, tracer transport, saline
brines, heterogeneous reservoirs, preconditioned conjugate gradient solvers

PROJECT BACKGROUND AND STATUS

Numerical reservoir simulation has matured to the point where it is now standard engineering practice in
the assessment, development, and management of geothermal resources. Advances continue to be made to
improve the description of reservoir fluids and processes, enhance numerical efficiency and enable
solution of larger problems on smaller computers, and to increase the power of simulators as practical
engineering tools.

PROJECT OBJECTIVES

The general objective of this research is to improve the realism, power and utility of geothermal reservoir
simulation as a robust and accurate engineering tool, by developing enhanced process simulation
capabilities, novel applications to reservoir problems, and improved user features. Recent work has
focussed on assembling and documenting a new version of our general-purpose reservoir simulator
TOUGH2. Among the specific objectives of version 2.0 are the following, (1) add significant capabilities
for simulating flow and transport processes, that will be useful for engineering and geoscience
applications; (2) add features to improve usability of the code, but avoid encumbering users with "feature
creep;” (3) keep code changes to the minimum required to achieve desired capabilities; (4) remain as
much as possible upward compatible with the earlier version; (5) stay with FORTRAN77 and publish
source code; (6) facilitate code maintenance by minimizing the number of independent modules and
"minor" variations among them; (7) increasingly emphasize solved problems and internal documentation
as a way of communicating code features and use.

Technical Objectives

. Develop more comprehensive and accurate description of reservoir fluids and processes.
. Improve numerical algorithms, portability, and usability of reservoir simulators.
. Demonstrate novel applications of interest to the geothermal community.

. Accomplish technology transfer and provide technical support for users of the TOUGH/MULKOM
family of codes.

Expected Outcomes
. Continue to release updated and fully documented versions of the widely used TOUGH2 simulator.

. More versatile and realistic descriptions of fluid mixtures containing dissolved solids and non-
condensable gases, including water-soluble and volatile tracers.
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. Improved modeling of fluid and heat flow in highly heterogeneous systems.
. Capabilities for coupled modeling of reservoir and wellbore flow.
APPROACH

TOUGH2 program modules developed for various research projects are being integrated into the overall
program structure. User documentation is being developed, including templates for typical application
problems and improved user features. Additional code enhancements and novel applications to difficult
reservoir problems are ongoing. Technical information is disseminated through laboratory reports and
journal papers, at conferences (e.g., Pruess, 1998), and on the TOUGH2 homepage on the
WorldWideWeb, at URL: http://www-esd.Ibl.gov/TOUGH2/.

RESEARCH RESULTS

. Coding and documentation for the new version 2.0 of our general-purpose reservoir simulator
TOUGH2 has been completed (Pruess et al., 1999). The code has been transferred to DOE’s
Energy Science and Technology Software Center (ESTSC) for distribution to the public.

. TOUGH2, Version 2.0 includes several new fluid property modules that provide new capabilities
for treating dissolved solids and non-condensable gases, and phase-partitioning tracers, such as
noble gases and halogenated hydrocarbons. It also includes a capability for fully coupled
simulation of reservoir and wellbore flow (Pruess et al., 1998), and a package of robust and
efficient preconditioned conjugate gradient solvers (Moridis and Pruess, 1998).

. Simulations of thermohaline convection have demonstrated mechanisms for the separation of
thermal and salinity plumes in hypersaline systems (Oldenburg and Pruess, 1999; see also a
separate project summary).

. A systematic approach to local grid refinement was developed (Pruess and Garcia, 2000).

. Simulation of phase-partitioning tracers has demonstrated effects and phenomena seen in tracer
testing at The Geysers (Pruess et al., 2000).

. Powerful techniques for automated model calibration (history match) with TOUGH2 have been
developed. These are implemented in the publicly available iTOUGH?2 code (Finsterle, 1999), and
are described in a separate project summary.

FUTURE PLANS

We continue to improve process modeling capabilities and user features of TOUGH2. There is increasing
emphasis on tracer transport, chemically reactive flows (Xu and Pruess, 2000), multi-scale phenomena
relating to flows in faults and fractures, and on the prediction of geophysical observables.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

The TOUGH and TOUGH2 reservoir simulation programs are currently in use in approximately 200
organizations in 27 countries. We receive many requests for information from TOUGH2 users and
prospective users worldwide, and continuously provide technical support to the user community. We
maintain a TOUGH2 homepage on the web (http://www-esd.lbl.gov/TOUGH2/) with technical
information and resources for TOUGH2 users. We are also providing advice to private companies who
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are developing novel applications and enhancements for TOUGH2. A short course on multiphase flow
simulation with TOUGH2 was held in October 1999 at the International Groundwater Modeling Center
(IGWMC), Colorado School of Mines. IGWMC has adopted TOUGH2 as a teaching tool.
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PROJECT BACKGROUND AND STATUS

The goal of this project is to improve modeling of flow in fracture-dominated reservoirs. Realistic models
of fractured reservoirs are needed because long-term, economic operation of geothermal reservoirs
requires that re-injection be used to recharge fluid and recover additional thermal energy. However, flow
on fractures can cause short-circuits and prematurely cool the produced fluid. In addition, there is
increasing recognition that fractures will often be encountered at commercial reservoir scales and that
these fractures will significantly affect flow. Realistic fracture models can help both in designing re-
injection strategies and in operation of fractured reservoirs.

As part of previous work in support of geothermal technology, Kansas State University developed the
Geocrack?D reservoir simulation program (Swenson, 1997). Geocrack2D includes the complex
interactions between rock deformation, fluid flow, and heat transfer, where flow paths and reservoir
pressures change as a result of heat removal. This project will develop similar capability in three
dimensions.

The project includes numerical model development at Kansas State University, tracer and reservoir
analyses at the Energy & Geoscience Institute at the University of Utah, and oversight and industrial
collaboration with Oxbow Power Services. The three year project started March 1 of 1998, and was half
complete at the end of fiscal year 1999.

PROJECT OBJECTIVES

In the broadest view, the goal of the project is help move fractured reservoir simulation capability forward
in parallel with advances in diagnostic technologies. Significant effort is being applied to borehole
imaging, improved tracer data, tomographic imaging, and micro-seismic data analysis. All of these
technologies are beginning to make it possible to map major features in a reservoir. When these
technologies come to fruition, it will be possible to create a model that incorporates the major features of
a reservoir before the reservoir is brought into production. At the same time, future computer power will
make it possible to perform complex calculations in a much more routine manner than is now possible.
Our goal is to help make future reservoir modeling have the same engineering usefulness that structural
analysis has today.

Technical Objectives

The specific objectives of this project are to:
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. Develop capability for modeling fluid flow on 3D planar fractures. The model will provide a
simultaneous solution of planar flow in fractures, porous flow through rock, deformation of the
rock and fractures, and heat transfer through the reservoir, including all coupling effects.

. Include tracer simulation with thermal degradation and adsorption.

. Implement the model in a modern interactive user interface that will allow the user to work at the
reservoir feature level (boundaries, fractures, wells, etc.) when developing a model.

. Apply the model to the Dixie Valley reservoir. The development of this model will be an iterative
process. By the end of the project, a fully coupled fluid flow/heat transfer/rock deformation
analysis will be performed. This will include the effects of thermal cool-down on reservoir
permeability.

Expected Outcomes
Expected outcomes of the project include:

. The delivery of an analysis tool that will allow realistic modeling of flow in fractured reservoirs.
Such analysis capability will be useful because of the increasing recognition of the importance of
fractures both on production and during re-injection.

. Demonstration of a geometric framework for developing reservoir models using the features of the
reservoirs, rather than focusing on the meshing used for the numerical solution. This more natural
interface offers the possibility of extension to provide an interface to other reservoir simulators,
such as TOUGH2 and TETRAD.

. Demonstration of the use of the model on an actual reservoir at Dixie Valley, including tracer and
flow analyses.

APPROACH

There are two primary aspects to our modeling approach: a description of the problem using a geometric
database and the method used to solve the physics of the simulation.

Geocrack3D uses a vertex-use based, non-manifold topological database as the modeling framework for
representation of the problem domain (Martha, 1989). Topology provides a rigorous framework for
geometry description. The topology used in Geocrack3D includes vertices, edges, faces, and volumes, and
makes it possible to describe the reservoir independent of any particular method to be used to solve the
problem.

The finite element method is used to discretize the problem and solve equations for fluid flow, heat
transfer, and rock deformation. We are using object-oriented software methods to design a finite element
program framework applicable to the coupled hydro-thermal-structure problem, while allowing extension
and application to other problems. A design document has been completed and is being followed as we
write the actual code to implement the solution.
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RESEARCH RESULTS
Fluid Flow and Tracer Analysis

The major accomplishment this fiscal year was the completion of all the basic capability needed to model
flow on fractures with tracers. The capabilities include:

. Interactively defining a reservoir, including fractures and wells.
. Automatically meshing the fracture surfaces and wellbores.

. Defining pressure boundary conditions on the wells.

. Defining tracer boundary conditions on the wells.

. Solving the fluid flow problem using finite elements.

. Displaying the pressures, flow rates, and tracer results.

Pete Rose at the Energy & Geoscience Institute University of Utah has begun developing a Geocrack3D
model of Dixie Valley. At this stage the model is very simple, with a minimum number of fractures. The
flow results of initial calculations are shown in Figure 1. The model has also been used to perform tracer
calculations. Figure 2 shows the resulting tracer streamlines on the fractures. At this time, the model is
being refined to obtain better correlation with the experimental data.

I mplementation of Heat Transfer

We completed the finite element implementation of steady-state and transient coupled flow and heat
transfer in a planar fracture. This includes planar triangle and quadrilateral elements for the fracture
surface and volume tetrahedral elements for heat conduction in the solid.

One of the verification problems represented flow in a fracture, with a film coefficient to model heat
transfer between the rock and the fluid. Heat transport occurs in the fluid as a result of the fluid flow.
Conduction is included in the rock. The comparison between the analytic and 3D finite element solution
is shown in Figure 3. As can be seen, the finite element solution is accurate.

Meshing of 3D Volumes

To complete the heat transfer solution, it is necessary to have automatic meshing of the 3D rock volume.
This is the area of current focus. We are fortunate that Joaquim Bento Cavalcante, presently at
Universidade Federal do Ceara, Brazil is making available his implementation of 3D meshing. We have
placed his C code in a small C++ wrapper. Figure 4 shows a first volume mesh made using his code. The
next step is to test more complex geometries. His algorithm fits naturally into our implementation, since
the previously meshed fracture surfaces form the boundaries required for volume meshing.

Updated Web Site

The Geocrack web site (www.mne.ksu.edu/~geocrack) has been updated. It includes some new 3D
example problems and an improved user interface. One can now download our quarterly progress reports
from that site.
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FUTURE PLANS

Significant work remains to implement 3D meshing and merge the volume heat transfer with the
previously completed fluid flow model. This task will be completed in the current year of the project.
Rock deformation will be the focus of the final year of the project.

We are increasing our focus on refining the Dixie Valley model and comparing calculated results to
measured tracer data.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

Organization Type and Extent of Interest
Oxbow Power Services Providing Dixie Valley data and oversight
Energy & Geoscience Inst. Using Geocrack3D for analysis
GeothermEx Interested in analysis approach
Maxwell Technologies Interested in analysis approach
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PROJECT BACKGROUND AND STATUS

The stable isotope distributions of oxygen, hydrogen, and other light elements (e.g., C, S), are widely
applied in geothermal systems in order to delineate the sources and fluxes of reservoir fluids, the
contribution of injection fluids to production, the extent of boiling and mineral deposition from the fluids,
and the time-temperature evolution of alteration mineralization that effects the porosity-permeability
relationships. The chemical and isotopic signals of these processes are recorded in the minerals on a very
fine scale (<10 to 100's of micrometers), and different phases typically exhibit complex intergrowths.
This requires in Situ, microanalytical techniques in order to obtain chemical and isotopic information on
different phases. Secondary ion mass spectrometry (SIMS) can be used for relatively rapid, high precision
analysis, in situ, of both trace elements and stable isotopes, with high spatial resolutions of 5 — 30
micrometers. The analysis of modern fluids and fluid inclusions in minerals can provide both chemical
and isotopic compositions of fluids responsible for secondary mineral formation. The microsampling
capability of SIMS, coupled with fluid analysis, provides unparalleled opportunity to quantify the
temporal evolution of fluid-rock interaction leading to an understanding of the changes in the secondary
porosity in geothermal systems.

Knowledge of isotope partitioning in mineral-brine-gas systems at elevated temperatures is essential to
proper understanding of the isotopic data of geothermal systems. There are currently insufficient
experimental data or theoretical models to predict isotopic partitioning at elevated temperatures. The
presence of dissolved salts in fluids can lead to large errors in calculated temperatures and gross
misinterpretation of fluid sources and fluxes, particularly in highly saline geothermal systems such as the
Salton Sea. In addition, recent theoretical works predicted that pressure may affect significantly isotope
partitioning between water and coexisting phases at geothermal conditions. Experimental verification of
these isotope salt and pressure effects is needed.

The current project started together with complementary experimental programs at Oak Ridge National
Laboratory, funded by DOE’s Office of Basic Energy Sciences/Geosciences program. Recently,
substantial progress has been made on experimental studies on the isotope salt and pressure effects at
elevated temperatures. With these new, accurate experimental data of isotope partitioning, we have
recently initiated studied on two geothermal systems (Awibengkok, Indonesia and Salton Sea, California).

PROJECT OBJECTIVES

The objectives of this project are to: (1) quantitatively assess the micro-scale distributions of light stable
isotopes (O, H, C, S) and trace elements in order to understand the sources of fluids and the processes
responsible for the evolution of porosity and permeability in the Awibengkok geothermal system, (2)
investigate the isotopic evolution of metal-rich, hypersaline brines from the Salton Sea geothermal
system, and (3) conduct hydrothermal experimental studies of isotope partitioning among phases (e.g.,
water, volatiles, minerals) of direct relevance to the interpretation of isotope behavior in the Awibengkok
and Salton Sea systems. An improved understanding of the water-rock interaction through the study of
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Awibengkok drill core and Salton Sea brines will be useful in exploitation of existing reserves and
exploration for additional resource.

Technical Objectives

. Evaluate the micro-scale (5-30 micrometers) distribution of stable isotopes (O, H, C, S) and trace
elements in minerals (quartz, calcite, epidote, pyrite, etc.) from select portions of the Awibenkok
core 1-2 by means of advanced ion microprobe and laser-fluorination techniques.

. Investigate oxygen and hydrogen isotope compositions of a suite of hot (>200°C), hypersaline
(> 30 wt%) brines collected from Salton Sea geothermal system, California, by means of analytical
techniques specifically developed for high-salinity brines.

. Determine experimentally the effects of common dissolved salts (NaCl, KCI, CaCl,, etc.) and
pressure on oxygen and hydrogen isotope partitioning in the systems water liquid-vapor and
mineral-water at temperatures to 600°C, and establish simple, empirical equations for calculating
the isotope salt and pressure effects.

Expected Outcomes

. Improved understanding of temporal and spatial history of the sources, fluxes, compositions, and
temperature of reservoir fluids in Awibenkok geothermal system, which can be used for efficient
exploitation and exploration of geothermal energy resources.

. Better understanding of the sources, fluxes, and history (boiling-condensation, water-rock
interactions) of hot, metal-rich and hypersaline fluids in Salton Sea geothermal system, in order to
improve the efficiency of geothermal plant operations and metal recovery.

. A set of internally consistent, precise experimental results on the partitioning of oxygen and
hydrogen isotopes among geothermal materials (waters, brines, steam, gases, and minerals) at
elevated temperatures as a function of pressure and fluid composition, that can be directly used to
better characterize geothermal reservoirs (temperatures, origin and residence time of fluids, phase
separation, and water-rock interaction) and to trace injected fluids to production sites for estimating
the quantity of production that is derived from injection.

APPROACH

We will use our modified Cameca 4f ion microprobe, in concert with other capabilities in our group (e.g.,
fluid inclusion extraction, CO, laser fluorination/gas source mass spectrometry, cathodoluminescence) to
document and interpret the nature of the micro-scale isotopic record and mass transport during fluid-rock
interaction in the Awibengkok geothermal system. We will quantify the isotopic and trace element
systematics in the drill core provided by EGI as they relate to (a) temperature and pressure as a function
of depth, (b) the host rock, (c) fluid composition, (d) geometry and intensity of fracturing and/or
brecciation, and (e) the presence of hot water entries. We will focus most of our effort on isotopic and
trace element behavior of alteration phases, reported to include quartz, adularia, calcite, epidote, chlorite,
hematite, anhydrite, and pyrite. We will also conduct isotopic analysis of brines recovered from wells in
the Salton Sea geothermal system, provided by CalEnergy. In support of this effort on natural systems, we
will conduct hydrothermal isotope exchange experiments that quantify the temperature, pressure, and
composition dependencies of oxygen and hydrogen isotope partitioning between in brine-gas-mineral
(calcite, brucite, chlorite, hematite) systems at elevated temperatures.
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RESEARCH RESULTS AND VARIANCES

Oxygen isotope ratios were measured by SIMS on twenty-two individual spots on a large (~1cmx8mm),
euhedral quartz grain sampled from a fracture at 5539.2 ft depth in Awi-1 core. Precision for each
analysis is better than +1%o. 8'°0 values for individual analyses ranged from +5 to +14%o, with an
average value of +8.5£2.0%o (10). There appears to be a general trend to lower isotope values from core
to rim in the quartz grain. Analyses from the very center of the grain have an average §'°O value of
+9.5£2.0%o0 (n=5). Analyses of spots in the interior of the grain (between the center and the rim) have an
average 5'°O value of +8.01.3%o (n=8), which is similar to the isotope values of analyses taken along the
rim of the grain (+8.3+2.0%o, n=9). Using quartz-water fractionation curves from Matsuhisa et al. (1979),
potential fluid compositions can be calculated, and potential causes for the isotopic variation modeled. If
we assume that fluid temperature was constant at present-day borehole values (~250°C), the calculated
fluid compositions range from -4 to +5%o, with an average value indistinguishable from seawater (-
0.4%o0). Given the elevation of the site, this value is slightly higher than the expected meteoritic
composition (around -4%o), which could indicate possible mixing between lighter meteoric and heavier
magmatic fluids. Mixing between reservoirs could also explain the variability in §'*O values within the
quartz crystal. Another potential mechanism that could account for the oxygen isotope variability in the
quartz is differing fluid temperatures. Assuming that the fluid had a constant value of -4%o., explaining the
variation in quartz 5'°O values solely through temperature requires that fluid temperatures fluctuated from
~140 to ~250°C, over 100°C.

Ion microprobe analysis of oxygen isotope ratios in a large vein-filling calcite from the 4371 ft were
conducted on 8 individual spots. 880y .smow values ranged from +2.7 to +11%o, with an average value of
+6.9£2.6%o. There is a suggestion of isotopic zonation in the crystal, as rim analyses are generally slightly
heavier than analyses from the interior of the grain. However, it is difficult to assign a temporal history to
this possible zonation, as the growth history of the crystal is difficult to determine with a normal optical
microscope. Assuming that the temperature of the fluid from which the calcite precipitated was constant
and identical to present-day borehole values (~250°C), the calculated isotopic compositions of the fluid in
equilibrium with the calcite range from range from -4.6 to +3.7%o, with an average 'O value of -0.4%o.
If we assume that the isotopic composition of the fluid was constant, the variation in 8O values
measured in the calcite requires a fluid temperature fluctuation of ~120 to 140°C.

A series of hydrothermal experiments were conducted in order to investigate pressure effect on isotope
partitioning in the system brucite [Mg(OH),]-water at: (1) 300°C and at 100, 500, 2000, and 3000 bars,
and (2) 500°C and at 500, 800, 1750, and 3000 bars. 10-20 mg of a fine-grained brucite and 50-200 mg of
pure water were loaded into gold capsules, which were then brought up to the experimental conditions
inside a cold-seal vessel. The experiments lasted 4 to 120 days. The brucite grains coarsened significantly
and as a results, the isotopic exchange proceeded over 90% toward equilibrium. Since isotopic exchange
between brucite and water was not complete, an equilibrium fractionation factor was calculated from a set
of four experiments with isotopically different waters, using the partial exchange technique developed by
Northrop and Clayton (1966). At 300°C, the measured D/H fractionation between brucite and water,
10°lno, where 0=(D/H)prucite/(D/H)water, Systematically increased from -31.8+1.6 %o at 100 bars to -
26.2+1.6 %o at 3000 bars. At 500°C, D/H fractionation factor also systematically increased from -
27.0£2.1%o at 500 bars to -20.3=1.6%o at 3000 bars. The increases are rapid at low pressures (<1000 bars)
and slow at high pressures (>1000 bars). Our results are very consistent with results obtained at 300° and
500°C, both at 1000 bars, by Satake and Matsuo (1984). When the D/H fractionations are plotted against
the density of water at the experimental conditions (0.71-0.92 g/cm® at 300°C and 0.26-0.77 g/em’ at
500°C), good linear relations were observed. These results are consistent with our results previously
obtained at 380°C and 15-8000 bars, and all of these results clearly demonstrate that pressure has a
significant effect on mineral-water isotope partitioning in a wide range of temperature.

3-65



RESERVOIR TECHNOLOGY U.S. Department of Energy

The observed pressure effects on brucite-water D/H fractionation factor at 300-500°C are a combined
pressure effect on the mineral brucite and water, and experiments alone cannot separate the effects on the
two phases. Driesner (1997) calculated pressure effect on D/H partitioning of water based on
spectroscopic measurements of O-H and O-D stretching frequencies of H,O and HDO, respectively, at
elevated temperatures. Our experimental results of pressure effects on D/H partitioning between brucite
and water at 300-500°C yielded the same trend as calculations by Driesner (1997), but their magnitudes
are smaller by one-half to two-thirds. The observed linear relation of the brucite-water D/H fractionation
with the density of water at a given temperature is also consistent with Driesner’s calculations. In
collaboration with Dr. Polyakov of Vernadsky Institute of Analytical Chemistry and Geochemistry in
Russia, we calculated pressure effects on D/H partitioning in brucite on the basis of the thermodynamics.
The calculations show that D/H partition function ratio of brucite increases linearly with increasing
pressure at a rate of 0.99%o/kb at 300°C to 0.66 %o/kb at 500°C. The magnitude of pressure effects on
brucite is much (by a factor of 2 to 5) smaller than the measured pressure effects. Furthermore, the
calculated effects are linear with pressure, not with water density. It is likely that the observed pressure
effects on brucite-water D/H fractionation at 300-500°C are due largely to pressure effects on water,
rather than those on brucite, but further experimental and theoretical studies are needed.

We have discussed with the personnel of CalEnergy on a sampling protocol for isotopic analysis of brines
to be collected from wells at Salton Sea geothermal system, California. Due to high silica, metals, and salt
concentrations in the brines, amorphous silica and NaCl will precipitate and metals will oxidize rapidly
upon sampling. In order to prevent these, brine samples are commonly diluted with or without
acidification, and added of a reducing agent, such as formate or ascorbate. For the isotope analysis of
brines, the precipitation and oxidation of dissolved compounds do not cause problems. On the other hand,
the dilution of samples will alter the isotopic composition of brines. We suggested that samples for
isotopic analysis should be split and stored in a glass bottle with a tight cap without dilution and addition
of chemicals. Recently, CalEnergy has initiated sampling of injection fluids, and will start on the
production wells in the first quarter of 2000.

FUTURE PLANS

Preliminary oxygen isotope results from the ion microprobe studies of quartz and calcite suggest that fluid
compositions may have varied by many per mil during the evolution of the Awi system due to either
extensive exchange with the country rocks and/or mixing of multiple fluid types. Work in the next
funding period will focus on samples where there are multiple phases/generations with clear paragenetic
relations that can be correlated with specific temperatures of formation from fluid inclusion studies. The
effort will be concentrated on isotopic and trace element behavior of select alteration phases, including
quartz, adularia, calcite, epidote, chlorite, hematite, anhydrite, and pyrite. This activity will be closely
coordinated with the petrological and fluid inclusion studies currently being conducted by researchers at
EGI. Data from these studies will be integrated to quantify: (a) temperature history of the system,
(b) sources and timing of fluid events, (c) the nature and extent of mass transport associated with flow,
and (d) the influence of local rock chemistry/structure on the isotope signatures of alteration phases
observed on the microscale.

Measurements of oxygen and hydrogen isotope partitioning between vapor and liquid water will be
resumed and continued for the system Na-K-Mg-Ca-CI-SO, to 350°C, including several mixed salt
solutions resembling natural geothermal brines (i.e., Salton Sea). Recently, hot (500°C), hypersaline
(40 wt% salinity) brines rich in FeCl, were recovered from Kakkonda Geothermal field in Japan. It is
very likely that FeCl, also has large isotope effects. Highly concentrated acid waters are encountered in
mine drainages, crater lakes, volcanic emanations, and some andesitic geothermal systems. It is known
that HCl and H,SO, have large oxygen isotope effects at room temperature, and we plan to examine the
effect of these acids at elevated temperatures.
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We will complete hydrothermal experiments for investigating the effect of pressure on D/H partitioning
between brucite and water at 200-600°C and at 200-3000 (or 8000). Pressure effects on '*0/'°O
partitioning between brucite and water will also be investigated, using the run products from the
experiments already conducted for D/H partitioning. Experiments of mineral-water isotope exchange in
the presence of salts (NaCl, CaCl,) will be extended, in order to investigate and differentiate the effects of
pressure and dissolved salts on isotope partitioning at elevated temperatures. We plan to conduct a few
experiments in the system calcite (CaCO;)-water-salt to gain knowledge on the isotope salt and pressure
effects at select T-P-X conditions. Possible pressure effects on oxygen isotope partitioning will also be
investigated with these minerals. Aside from the isotope salt and possible pressure effects on isotope
partitioning between water and other phases, fractionation factors for a number of important phases are
simply lacking. The temperature dependency of stable isotope partitioning provides geochemists with a
particularly large number of geothermometers, but most of the reliable equilibrium fractionation factors
have been obtained experimentally at temperatures well above those appropriate for geothermal systems.
We plan to investigate the equilibrium oxygen and hydrogen isotope partitioning between common
hydrous minerals (e.g., kaolinite, chlorite, epidote) and iron oxides (magnetite and hematite), and water.

Upon receiving samples of injection fluids and brines from the production wells at Salton Sea geothermal
system, we will initiate oxygen and hydrogen isotope analysis of these waters. We plan to employ H,- and
CO,-water equilibration methods, which are very suitable for high-salinity brines.

INDUSTRIAL INTEREST AND TECHNOLOGY TRANSFER

Organization Type and Extent of Interest

CalEnergy Collaboration on brine analysis from the Salton Sea

UNOCAL Using our results to monitor injection

EGI, Univ. of Utah Using our results for the interpretation of geochemical data from The
Geysers

JMC (Japan) Discussing on isotopic data of hot, hypersaline brines from Kakkonda

geothermal field in Japan
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PROJECT BACKGROUND AND STATUS

The project aims at developing, improving, and applying parameter-estimation techniques by
automatically matching the results of a numerical model to laboratory or field data from geothermal
reservoirs. Inverse modeling provides optimized, case-specific, and model-related parameters on the scale
of interest, making the subsequent model predictions more reliable.

The iTOUGH2 code (Finsterle, 1999a, b, c¢) provides inverse modeling capabilities for the general-
purpose multiphase reservoir simulator TOUGH2 (Pruess, 1991). Any TOUGH2 input parameter can be
estimated in a joint inversion using any type of data for which a corresponding TOUGH2 output can be
calculated. The accuracy and transferability of the estimated parameters depends on the appropriateness
of the conceptual model; it must be able to represent the salient features and processes of the geothermal
domain/system being modeled. Moreover, adequate and sensitive data of high quality must be available to
enable independent and accurate estimation of the key parameters affecting the system. Finally, the
necessary computer resources must be available to efficiently run the many forward simulations required
for the solution of the inverse problem.

iTOUGH2 has been extensively tested, is fully documented, and released to the public through DOE’s
Energy Science and Technology Software Center. At the same time, the code is continually being revised
and enhanced to incorporate improvements and extensions of the underlying TOUGH2 simulator. The
efficiency and robustness of the optimization algorithms are also being enhanced, and new diagnostic
analyses of inverse modeling results are being added.

PROJECT OBJECTIVES

The general objective of this research is to adapt iTOUGH2 to the needs of specific geothermal
applications, and to demonstrate its usefulness for the determination of hydrogeologic and thermal
properties of geothermal systems.

Technical Objectives

. Apply iTOUGH?2 to field data from fractured geothermal reservoir to examine strengths and
weaknesses of a formalized model calibration procedure.

. Incorporate new iterative and direct solvers from TOUGH2 (Version 2) into iTOUGH2.

. Develop technique to generate correlated random permeability fields and to estimate geostatistical
parameters.
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. Implement Monte Carlo method to study impact of uncertain, correlated parameters on model
predictions.

Expected Outcomes

. Fully documented and tested version of iTOUGH?2 to be released to the public through DOE’s
Energy Science and Technology Software Center.

. Report/paper demonstrating benefit of automatic history matching of actual field data from
fractured geothermal reservoir.

. Improved uncertainty propagation analysis.
. Improved efficiency and robustness through incorporation of novel solvers.
APPROACH

A new version of the multiphase reservoir simulator TOUGH?2 has become available (Pruess et al., 1999).
The new code has been compared to the previously released version, and significant modifications have
been transferred and implemented into iTOUGH2, specifically the new package of linear equation
solvers.

Empirical Orthogonal Functions (Kitterad and Gottschalk, 1997) was identified as a suitable method to
include parameter correlations into Monte Carlo sampling for evaluation of model-prediction
uncertainties.

Pressure and enthalpy data from a geothermal well have been selected for analysis with iTOUGH2.
Different conceptual models have been developed and matched against the data, demonstrating the
importance of the model structure and its impact on the estimated parameters.

Spatially correlated, heterogeneous permeability fields can be generated using the GSLIB geostatistical
simulation package (Deutsch and Journel, 1992). Of that package, the method of Sequential Indicator
Simulation was adapted and implemented into iTOUGH2.

RESEARCH RESULTS

The method of Empirical Orthogonal Functions (Kittered and Gottschalk, 1997) has been implemented
into iTOUGH2 and used to examine prediction uncertainty as a result of the uncertainty in strongly
correlated parameters (Finsterle, 1999d).

The new linear equation solvers (Moridis and Pruess, 1998; Pruess et al., 1999) and faster subroutines for
the calculation of thermodynamic properties of water have been implemented into iTOUGH2.

Geostatistical methods to generate heterogeneous permeability fields have been evaluated and
implemented into iTOUGH?2, allowing generation of spatially correlated permeability fields and the
estimation of geostatistical parameters. The new capability has been employed in a study described in
Finsterle (19994d).

Inverse modeling was applied to field data in an attempt to better understand the production
characteristics of a well in a fractured geothermal reservoir. The joint multiphase inversion of pressure
and enthalpy data (see Figure 1) demonstrated the need to accurately represent fracture flow, as well as
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fracture-matrix heat-exchange mechanisms using a double-porosity approach, to match the measured well
data. Details about the inversion can be found in Finsterle et al. (1999).

FUTURE PLANS

We continue to improve process modeling capabilities, inversion algorithms, and user features of
iTOUGH2. We attempt to incorporate simplified geophysical models to allow joint inversions of
geophysical and hydrogeological data. iTOUGH2 will be applied for the analysis of laboratory flashing
experiments (in collaboration with the Stanford Geothermal Program).

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

iTOUGH2 has been fully documented and tested for use on Unix workstations and PCs. The code has
been transferred to the Department of Energy’s Energy Science and Technology Software Center
(ESTSC), Oak Ridge. To request iTOUGH2, send e-mail to estsc@adonis.osti.gov. Additional
information about iTOUGH2 can be found at http://www-esd.lbl.gov/iTOUGH?2.

Organization Typeand Extent of Interest
Stanford University Analysis of laboratory experiments
DOE/YMP Calibration and analysis for nuclear waste isolation program
Auckland University Calibration of geothermal reservoir models, parallelization
Orkustofnun, Iceland Analysis of well test data, calibration of geothermal reservoir models
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Figure 1. Measured and simulated pressures (top) and enthalpies (bottom) using the best-estimate
parameter set. The shaded curves show the injection and production rates.
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OPTIMIZING INJECTION USING TRACERS

G. Michel Shook
Idaho National Engineering and Environmental Laboratory
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PROJECT BACKGROUND AND STATUS

Injection of spent geothermal fluids has become a standard reservoir management tool over the past
decade. Injection serves not only to maintain reservoir pressure, but also to increase energy extraction
efficiency over the productive life of the resource. Because the injected fluid is frequently much cooler
than in-situ fluid, these benefits depend strongly on locating injection wells in such a fashion so as to
delay the breakthrough of the cooler injectate. Proper design of injection requires knowledge of the
volume of rock and pore space that the fluids contact in moving between injection and extraction wells.
This volume can be estimated through an appropriately designed and analyzed tracer test. However, even
when injection wells are optimally located, thermal breakthrough from injectate can only be delayed, not
eliminated. Therefore, operators need to predict the time at which thermal breakthrough is expected.
These data, both the pore volume that is swept by an injection well and the time at which thermal
breakthrough is expected, can be used to design an optimal injection strategy.

Work continued in FY-1999 to develop the analytical methods necessary to estimate pore volume and
thermal velocities from tracer test data. The methods developed previously have been extended to more
complex conditions that include the effects of significant permeability contrasts (e.g., layering). Work
was also begun in extending these methods to multi-phase conditions.

PROJECT OBJECTIVES

The overall goal of this project is to develop the tools necessary to optimize an injection strategy. Because
tracer testing has become a standard tool for tracing flow paths in geothermal reservoirs, the work has
been focused on analysis of tracer test results (effluent analysis). The tools being developed include
measurement of reservoir pore volume swept by a tracer and the prediction of thermal breakthrough
through tracer test analysis. Work was previously restricted to single phase porous media. Extension to
multi-phase conditions was begun in FY-99. Specific details of these objectives are given below.

Technical Objectives

. Develop a tracer test analysis method to estimate reservoir pore volume from a tracer test.
. Predict the propagation of a thermal front arising from injection of cooler fluids.
. Extend conventional geothermal tracer test analysis to multi-phase regimes, and investigate the

potential to estimate in-situ saturation from tracer tests.
Expected Outcomes

The successful conclusion to this project will allow the geothermal operator to design and implement a
tracer test and use the results of the test to:
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. Estimate the volume of reservoir associated with a given well pair. This can help identify thief
zones or primary flow paths that result in short-circuiting of injected fluids, and is useful in
developing injection schemes, sizing power plants, and estimating the life of a project.

. Use tracer test analysis to predict the timing of thermal breakthrough arising from injection. This
allows the operator lead time to either modify the injection strategy or drill makeup wells.

. Calculate mass in place, from combined pore volume and saturation estimates.
APPROACH

The approach taken in this project is to first develop the theory that governs estimating the desired
quantity (pore volume or thermal breakthrough time), and then to compare predictions with numerical
simulation results. We have begun intentionally with the simplest reservoir description and excluded
second order effects from the analysis. Good agreement between theory and simulation has been used as
the measure of success. From the simpler reservoir description, we have extended the analysis to include
more complex geometries and initial conditions. In late FY-2000, we anticipate soliciting interest in a
field demonstration of the method.

RESEARCH RESULTS

A conventional slug tracer test can be analyzed and pore volume measured using the mean residence time
of the tracer. The first temporal moment (mean residence time) of a tracer in single phase flow is given as
(Shook, 1998):

o

=0 b

fca
0

where C is tracer concentration in the effluent, t is time, and t; is the tracer injection time. Pore volume
swept by that tracer is calculated from the injection rate, q, and the first moment as shown below.

V., =qt

p

Thus, a conventional tracer test can be conducted and the reservoir pore volume readily calculated from
analysis of the effluent.

The velocity of a thermal front, vy, can be estimated from the combined mass and energy conservation
equations (Shook, 1999). The ratio of the velocity of isotherms relative to fluid velocity, vy, is given as:

V_T: Vr =( ¢prpw J
Vi U% ¢prpw H1 _¢)prcpr

where ¢ is porosity, o is density (r = rock, w = liquid), and Cp is thermal heat capacity. Therefore, if

one can estimate the fluid velocity, one can then predict the onset of cooling. The fluid velocity is given
from the mean residence time above. In order to make use of the tracer data, however, we require variable
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transforms so that tracer data and temperature data exhibit similar behavior. The following variable
transformations provide convenient comparison between the two data types.

For the predicted temperature history, plot normalized tracer recovery (predicted dimensionless
temperature, Tp) vs. pseudotime (t*):

]q(r)C(r) dr

T,() ="
J'q(r)C(r)dr
w1, 0-9n.C,

$0,C o

The utility of these variable transforms can be visualized in the following way. One can imagine an
infinite number of streamtubes of varied length, all originating at an injection well and terminating at a
production well. Each streamtube carries a fraction of the injected tracer; the variable transform for the
predicted temperature history is simply the fraction of streamtubes that have delivered the tracer, and will
begin to show thermal decline at any given point in time. Pseudotime is merely time that has been
translated to account for thermal inertia.

Effects of thermal conductivity

The thermal velocity given above assumes that thermal conductivity can be neglected as a second order
effect. This assumption is usually good in porous media, but there are conditions in which this leads to
underpredicting thermal breakthrough times. Such conditions tend be prevail where there exist large
contrasts in permeability (e.g., layered media), or in heterogencous media that exhibits significant
permeability streaks (e.g., highly correlated permeability). Under those conditions the thermal velocity is
affected by conduction as well as convection, which tends to smear the otherwise sharp front. Thermal
conduction can be explicitly included in the thermal velocity estimates by estimating a thermal Peclet
number and modifying the equations given above. However, even in significantly heterogeneous media,
ignoring conduction usually results in less than 10% error in thermal breakthrough times (Shook, 2000).
Given the uncertainties in other parameters (e.g., porosity), this appears to be an acceptable error.

Extension to saturated conditions

Efforts to extend these methods to two-phase conditions have begun. From our initial analyses, several
important observations can be made. First, there exist only three temperature states in the reservoir. These
are related to the initial temperature, the temperature at the fluid interface (which is related to the
production pressure), and the injected temperature. The velocity of the first temperature wave is
proportional to the initial saturation and production pressure. The second temperature wave has a velocity
as given by the single phase equations given above. This preliminary analysis is a continued portion of
this project.

FUTURE PLANS

Work to date on this project has been restricted to heterogeneous, porous media. Efforts have been made
in the last year to include effects of layering, and to extend the method to multi-phase conditions. The
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extension to multi-phase flow will be completed in FY-2000, and work will begin in extending the work
to fractured reservoirs. After development of the appropriate analysis methods, interest in a field
demonstration will be solicited from the geothermal community.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

Presentations have been made at the Geothermal Resources Council annual meeting (Shook 1998) and the
Stanford workshop (Shook, 1999). Additional discussions have been held with Oxbow Geothermal,
USGS, and EGI colleagues. A field test of these methods will be solicited in late FY-2000.

REFERENCES

Shook, G.M., “Prediction of Reservoir Pore Volume from Conservative Tracer Tests,” Geothermal
Resources Council Transactions, Vol. 22.

Shook G.M., “Prediction of Thermal Breakthrough from Tracer Tests,” Proceedings, Twenty-Fourth
Workshop on Geothermal Reservoir Engineering, Stanford University, Stanford, CA, Jan. 1999, pp 24-
30.

Shook, G.M., “Reservoir Pore Volume and Thermal Velocity as Estimated from Tracer Test Analysis,”
submitted to Geothermics, in review.

CONTACTS

G. Michael Shook

INEEL

PO Box 1625

Idaho Falls, ID 83415-2107
(208) 526-6945

(208) 526-9822 FAX
ook@inel.gov

Joel L. Renner

INEEL

PO Box 1625

Idaho Falls, ID 83415-3830
(208) 526-9824

(208) 526-0969 FAX
rennerjl@inel.gov

Peggy Brookshier

DOE Idaho Operations Office
850 Energy Drive, MS 1220
Idaho Falls, ID 83401-1563
(208) 526-1403

(208) 526-6249 FAX
brookspa@id.doe.gov

Marshall Reed

DOE-HQ, Geothermal Division
CE-122

1000 Independence Ave. SW
Washington DC 20585

(202) 586-8076

(202) 586-5124 FAX
Marshall.Reed@hq.doe.gov




Geothermal Energy R&D Program RESERVOIR TECHNOLOGY
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PROJECT BACKGROUND AND STATUS

A major cause of the limited exploitation of geothermal resources is the lack of technology available to
increase the efficiency and reduce the costs associated with exploration and energy production. Our
current grant (DE-FG07-99ID13745) from the DOE Geothermal Program started 3/18/99 and ends
3/17/04. In this project period, we are developing computer model technologies that can help overcome
important chemical problems associated with both present-day near surface and future deep high T,P
geothermal energy operations. With previous DOE funding, we have demonstrated (e.g., see Mller et al.
(1998); Duan et al. (1995)) that semi-empirical equilibrium models can reliably reproduce reservoir and
production chemistry - scaling, breakout, steam fractions, heat content, gas emission, phase co-existence,
miscibility, pH, formation temperatures, downhole brine concentrations - for a wide range of PTVX
variables. For conditions with few data available, we have developed new simulation technology to
generate needed thermodynamic information from first principle theory. Comprehensive user interfaces
have been developed so that completed models can be incorporated into PC application packages.
Substantial progress has been made on two packages: TEQUIL (rock/water interactions, such as scaling
and reservoir chemistry, as a function of composition for temperatures below 300°C) and GEOFLUIDS
(multiple phase processes, such as flashing and miscibility, to very high T, P conditions). Some progress
has been made on two other packages: GEOHEAT (heat characteristics, such as enthalpies, of complex
mixtures) and GEOPHASES (internet-based phase behavior visualization tools). Considerable progress
has been made establishing a web site for use of our modeling codes.

PROJECT OBJECTIVES

. To improve the productivity of geothermal operations and exploration by providing user-friendly
computer models of the thermochemical/physical properties of geothermal brines and their
associated noncondensible phases as well as reservoir behavior.

. To develop methods to optimize the transfer of technology.

Technical Objectives:

. To construct thermodynamic models for predicting the energetic and chemical characteristics of
reservoirs, hydrothermal brines and injectates as well as behaviors encountered during the

extraction of energy from geothermal fluids under a wide range of XTP conditions.

. To develop new theoretically based modeling technologies that reduce the dependency on
experimental data and increase the understanding of rock/water interactions.
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. To develop application and visualization software which facilitate the use of our models and the
understanding of geothermal chemistry.

. To develop a web site for accessing modeling codes and for user feedback.
Expected Outcomes

. Pitzer-type models for liquid brine density systems that can predict scaling, support abatement
strategies (such as pH modification and chemical inhibition) and characterize reservoir rock-water
interactions.

. New equation of state models that can treat compressible phases and the chemical behavior
occurring in very high T, P resources, including the effects of injectates on deep, low permeability
reservoirs.

. Enthalpy and specific heat models based on the above models.
. User-friendly modeling code application packages for PC’s.
. A web site for online use and downloading of modeling codes and for user comments.

. Molecular simulation technology and analyses of theoretically-based extrapolation techniques to
reduce the dependence on experimental data.

. A summary of many geochemical data through model parameterizations.
APPROACH

Liquid Density Brine Models, T <300°C. Our models describing the equilibrium behavior of solid-
brine-gas systems to high concentration and temperature (T <300°C) via their free energy incorporate the
semi-empirical Pitzer (1987) equations. In this approach, only binary and ternary data are necessary to
fully parameterize a model for complicated, many-component systems. Gas phases are easy to add
because they act nearly ideally near 1 atm. Pressure corrections for low concentration applications can be
calculated from the limiting partial molal volumes. These data are available. For higher concentrations,
partial molal volumes as a function of composition are needed.

Equation of State Models to High T, P for Systems with Compressible Phases. New problems are
expected to arise in the future development of very high T, P resources. The density can change
dramatically in going from the liquid to vapor phase, and in the supercritical region it is a strong function
of pressure. To describe multiple phase geothermal processes, such as flashing and miscibility, and to
accurately reproduce XPVT properties under high T, P conditions, new equation of state (EOS)
descriptions must be generated to: (1) yield free energies that are correct at both the liquid and vapor
densities and (2) treat the large changes in composition that can occur in two phase processes, where
highly saline brines can be produced from fluids originally of low concentration. Methods will need to be
developed to treat the very difficult critical region.

Heat Models. With appropriate reference state information, models of heat properties can be produced
from both the Pitzer and alternative EOS models.

Molecular Simulation Studies and Theoretical Extrapolation Models. To generate needed
thermodynamic “data” for empirical model construction in TPX regions where few experimental data are
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available and to construct more theoretically based descriptions of geothermal fluids, we carry out first
principles simulations (e.g., molecular dynamics).

Technology Transfer: As our models are developed and validated, they are included in PC application
packages for distribution via diskettes or the internet.

RESEARCH RESULTS AND VARIANCES

Liquid Density Brine Models, T <300°C. Acid/base reactions influence the outcome of many important
processes occurring in different stages of geothermal energy production. Carbonate, silica and hydroxide
scaling, CO, and H,S breakout, aluminum, carbonate and silica speciation, corrosion are well known
phenomena affected by brine pH. This year substantial progress was made in improving the TEQUIL
scaling model’s acid/base description, which was defined previously only by data in the HCl and NaOH
systems.

In TEQUIL, H" interactions were based on the HCI electrochemical data of Greeley et al. (1960), which
suffer from the increased solubility of AgCl in the electrode at high temperatures. Using the more recent
osmotic and activity data of Holmes/Mesmer and co-workers, new temperature functions were established
for the HCI binary parameters. Temperature functions for the mixing parameters in the NaCl-HCI-H,O
and KCI-HCI-H,O systems were then determined using the low concentration activity coefficient data of
Mesmer and Holmes (1992) and solubility data to 7m HCL. TEQUIL H' interactions were expanding by
adding the sulphuric acid system. A new model for the Na-H-HSO,-SO,-H,O system was established by
fitting osmotic data from 0°C to 225°C (Holmes and Mesmer (1992, 93, 94), Rard (1989, 1992), Clegg et
al. (1994)) and literature solubility data (0°C to 120°C). Since the sodium sufate-bisulfate acid salts were
not included in TEQUIL, new chemical potential temperature functions were also established for these
salts. Work started on parameterizing the K-H-HSO,-SO4-H,O system to high temperature. Solubility
data found for this system range only from 0°C to 75°C and the amount of osmotic data is considerably
less than in the sodium system.

To improve the base description of TEQUIL, we developed a model for the Na-K-OH-CI-SO,-H,O
system to high concentration and temperature. Osmotic data from 0°C to 250°C (Hammer and Wu;
Simonson et al.; Holmes and Mesmer) were used to establish the temperature functions for the NaOH-
H,O binary parameters to 6-8m. Osmotic and emf data from 0°C to 170°C (Hammer and Wu; Mikulin;
Holmes and Mesmer; Harned and Cook; Akerlof and Bender) were used to evaluate the functions for the
KOH-H,0 binary parameters to 6-8m. The mixing parameters, Oon,c; and W oncina , Were established from
halite solubility data in the NaOH-NaCl-H,O system to 10 m NaOH from 0°C to 200°C. The potassium
ternary parameter, ¥ op.c1x , Was established from sylvite saturation data from 0°C to 180°C in the KOH-
KCI-H,O system up to 8m KOH. The temperature functions for Oonsos and Wousosna Were determined
from mirabilite and thenardite solubility data in the NaOH-Na,SO,4-H,O system from 0°C to 250°C and to
8m NaOH. Correlations (up to 8m KOH) with the 0°C to 75°C arcanite solubility data in the KOH-
K,S04-H,0 system indicated that the temperature function for yopsosna. could be used successfully for
the potassium parameter. Values of ywouna.x Were set equal to zero.

Equation of State Modelsto High T, P for Systemswith Compressible Phases. We are constructing a
model for the important natural fluid NaCl-KCI-MgCl,-CaCl,-CO,-CH4-H,O (HPTSW) system which
will be based on accurate models of the subsystems (NaCl-CO,-H,0, CaCl,-H,O, etc). This year we
continued to improve the thermodynamic descriptions of the MgCl,—H,0, KCI-H,O and CaCl,-H,O
binaries. Mineral stability predictions as a function of T, P and composition are compared to the data of
Aranovich and Newton in Fig. 1. In these experiments, the mineral coexistence of periclase (MgO) and
brucite (Mg(OH),) provides a direct measure of the activity of water in the KCI-H,O solution. (There is
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very little MgCl, in the solution phase.) Below 15 molar, the results of the KCI-H,0 model (dashed lines)
agree well with the experimental data (solid lines). This is remarkable since most of the data used to
parameterize the model came from the relatively low pressure liquid/vapor coexistence region. Since our
phenomenology inadequately treats the entire composition range for this system, we are developing new
modeling methods to more succinctly represent natural waters (see below).

Few mixing property measurements exist for the HPTSW system. Since there are data in the NaCl-KClI-
H,O system, we hope to use this system to develop an efficient mixing approach for the full system.
NaCl-H,0 and KCI-H20 binary models based on thermodynamic perturbation theory were constructed.
Both models give good representations of the data from 300°C to about 800°C and pressures from water
saturation to about 5000 bar. Reasonable agreement with the limited data is found up to pressures of
15,000 bar. Interpolating between the end member binaries and adjusting the parameters in the
interpolation formulas with data in the mixed NaCl-KCI-H,O system, we developed a mixture model that
appears to be accurate for temperatures up to 700°C and pressures up to 15,000 bar. The results agree with
the limited liquid/solid coexistence data in the mixed system.

Description of the critical region is important in analyzing the thermal history of geothermal systems from
fluid inclusion data. Because of the nonanalytic functionality of the free energy in the critical region,
agreement between experiment and model predictions is often not satisfactory. This problem is illustrated
(Fig. 2) by comparing measured and GEOFLUIDS predicted (dashed line) liquid/vapor phase coexistence
points for the H,O-CO, system at temperatures close to the critical temperature of water. GEOFLUIDS
predicts that the point X=.3, T=548K and P >1000 bar is in a two phase region, whereas measurements
show this to be single phase region. The GEOFLUIDS model was based on an empirical equation of state.
This year, we developed a new more theoretically based model using thermodynamic perturbation theory.
Improved prediction resulted but qualitative errors similar to those shown in Fig.2 remained, indicating
that a better form for the equation of state needed to be developed (see below). In the interim, we have
developed a fitting method that enables correct phase coexistence prediction in the critical region (solid
line Fig. 2, maximum deviation from the experimental data is .03 in mole fraction). However, since the
free energy is not available from this fitting approach, other thermodynamics properties, such as the
densities of the coexisting liquid and vapor phases, cannot be calculated.

Molecular Simulation Studies and Theoretical Extrapolation Models. Aluminumy/silicate species are
major components of reservoir rocks. Hydrolysis plays an important role in the behavior of aluminum in
aqueous solutions. With hydrolysis of AI*" to AI(OH),” (the dominant Al solution species even in slightly
basic waters), the coordination number changes from six to four. This behavior is different from other
ions which retain their coordination number with loss of protons (e.g., Fe*" has a Fe(OH) 4(H,0), species
in basic solutions). Attempts to reproduce this behavior using MD simulation were carried out last year
and continued this year. Reproduction of the AI’" coordination number change is a demanding test of
whether or not the correct balance of electronic and ionic forces can be achieved in these calculations. We
showed that the predicted structure of the resulting aluminum anion is close to that calculated in quantum
chemistry calculations.

The problems with the critical region predictions of our EOS models based on perturbation theory
(illustrated in Fig. 2) led us to believe that we need better reference system descriptions. First, we
developed a direct simulation method for the most complex endmember, water, in the H,O-CO, system
using the hard sphere dipole representation that we used in our thermodynamic perturbation methods.
These simulations worked well at high TP, but not in the critical region. Therefore, we developed
simulation methods based on more realistic water-water interactions. Replacing the hard sphere repulsive
interactions by soft Lennard Jones (LJ) potentials and the dipole representation by separated charges,
resulted in interaction potentials that are closer to those in the real system. Preliminary simulations of the
vapor/liquid coexistence curve compare well with experiment. For example, the predicted vapor pressure
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of water at T=600 K is 105 bar, compared with the experimental value of 121 bar. The predicted critical
temperature is 650 K vs 647 K for the experimental value.

We also began to directly simulate partial molar properties of high TP fluids. These quantities provide a
convenient way to represent thermodynamic data for many geochemical applications. For example, the
partial molar volume can be used to predict the change in solubilities of scales as a function of pressure.
Using Monte Carlo methods and the Kirkwood Buff theory of solutions, we began these simulation
studies using mixtures of molecules interacting via LJ interactions. The agreement of calculated and
measured behavior is quite good. For example, at 1300 K the predicted partial molar of H,O is 49cc/mole
and the experimental is 47cc/mole. Differences in volume are probably caused by the lack of hydrogen
bonding structure in the LJ fluid.

User Interfaces and Web Site Improvements: This year substantial improvements were made to our
http://geotherm.ucsd.edu web site. A preliminary implementation of our GEOFLUIDS application
package was added to the site, which previously offered only the TEQUIL package. Since the graphics for
the PC version of GEOFLUIDS were done in Visual Basic, they had to be completely redone for use on
the web site. A CGI/Perl front end was developed to interface with the Fortran simulation engine on the
webserver. In addition to online applications for both TEQUIL and GEOFLUIDS, the site now has
download and feedback utilities for both TEQUIL and GEOFLUIDS.

The entire web site was completely redesigned to improve the aesthetics as well as navigation, access and
user interaction. Extensive HTML development was required. New images, logos and links were created.
The new links make it easier to find all of the data and utilities contained within the pages and to move
throughout the pages. A user registration procedure, funding and research credits and a reference list have
also been added. Some time was also spent developing trouble-shooting mechanisms.

FUTURE PLANS

We will continue expanding the compositional flexibility of our rock/water Pitzer-type models
(T<300°C). Aluminum hydroxide, silicate and sulfide systems and pressure variability will be added as
well as important thermochemical assessment tools, such as heat content, pH prediction. We will
complete a model for the NaCI-KCI-CaCl,-MgCl,-H,O system, targeted for 300°-1000°C and to 6000
bars, for characterizing the chemistry of very high T,P reservoirs and describing important geothermal
processes such as flashing, phase co-existence and miscibility. Heat property models of supercritical
conditions will be developed. We will also explore more theoretically based modeling approaches in
order to develop analytical forms for brine activity expressions (T < 300°C) and free energy descriptions
which are accurate through the critical range from subcritical to supercritical conditions. Our TEQUIL,
GEOFLUIDS and GEOHEAT application packages will be expanded as described above. A new
package, GEOTHERM, containing geothermometry software will be developed. Our web site will
continued to be improved. Incorporation of postprocessing visualization tools will be introduced.

TECHNOLOGY TRANSFER
Contacts, FY99

BRITISH GEOLOGICAL SURVEY, United Kingdom: Jon Naden requested TEQUIL, GEOFLUIDS
and GEOHEAT.

GEOTHERMAL FIELD, Izmir, Turkey: Niyazi Aksoy requested information about models for space
heating applications.

GEOTHERMEX, INC., San Francisco, CA: Christopher Klein requested GEOFLUIDS and TEQUIL.
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INSTITUTO TECNOLOGICO GEOMINERA DE ESPANA: Fernandos Tornos requested GEOFLUIDS.

LLNL, Livermore, CA: Carol Bruton requested information about downloading TEQUIL from the web
site and about silica solubility.

MCGILL U., Ctr. Climate & Global Change: Christopher Omelon requested TEQUIL and GEOFLUIDS.
NREL, Colorado: Consultants Gene Fritzler and Martin Vorum requested TEQUIL and GEOFLUIDS.

PENNSYLVANIA STATE UNIVERSITY, Dept. Geosciences: James Kubicki requested information
about our aluminum speciation simulation studies.

SUNY COLLEGE, Cortland, NY, Dept. Geology: Bob Darling requested GEOFLUIDS.

TECHNISCHE U. HAMBURG-HARBURG, Ger: M. Kuehn requested silica and sulfide parameters.
UN. NEUCHATEL, Centre Hydrogeologie, Switzerland: F-D. Vuataz requested TEQUIL.

USGS, Woods Hole, MA: James Booth requested GEOFLUIDS for methane studies.

VIRGINIA TECH., Dept. Geological Sciences: Robert Bodnar requested our EOS for methane -water.
Technical Meetings, FY99

Cal. Tech., Materials and Process Simulation Center Research Seminar, March 18-19, 1999.

U.C. Irvine, Workshop on Density Functional Methods, March 26-28, 1999.

U.C. Berkeley, Earth Sciences Division, April 9, 1999.

DOE Geothermal Program Review XVII, Berkeley, CA, May 18-20, 1999.

NSF/DOE Workshop on Molecular Energy and Environmental Science, Rosemont, IL, May 26-27, 1999.
Technical papers, FY99

Duan, Z. Mdller, N. and Weare, J. “Accurate Prediction of the Thermodynamic Properties of Fluids in the
System H,O-CO,-CH4-N, up to 2000°K and 100kbar from a Corresponding States/One Fluid Equation of
State.” Accepted, September, 1999.
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INDEXING AND ARCHIVING U.S. HOT DRY ROCK QUANTITATIVE
DATA AND OTHER TECHNICAL INFORMATION

Lynn McLarty, Cliff Carwile
Princeton Energy Resources International, LLC

KEY WORDS
hot dry rock, Fenton Hill, data indexing, data archival
PROJECT BACKGROUND AND STATUS

DOE sponsored several activities as part of the closeout of the Fenton Hill hot dry rock experimental site
near Los Alamos, New Mexico. These activities included decommissioning the site, preparing a
comprehensive history of the project, conducting a peer review and data review of the project, and
preparing an index of technical information resulting from the project. Of the first two activities, both
undertaken by Los Alamos National Laboratory (LANL), decommissioning is complete and the project
history is in progress. The last three activities, all of which are complete, were conducted by Princeton
Energy Resources International and its subcontractor, GeothermEX.

The purpose of the work described here is to serve as a guide to what happened at the Fenton Hill HDR
project, promote easy reference and access to much of the literature that describes that research, and to
provide recommendations about preserving quantitative data from the project. This work focuses on
indexing the 524 related technical literature pieces published by Los Alamos National Laboratory and the
115 experimental activities conducted at the site. It also identifies the more important quantitative data
sets resulting from the research and provides recommendations for archiving them and making them
accessible.

This work is part of a larger effort to create an archival and indexing system to preserve all of the
important quantitative data and technical literature resulting from the LANL HDR research. LANL has
established a fairly comprehensive archive of the technical literature in its library. In addition, much of
the literature is also found in the permanent collections at the Geothermal Resources Council (Davis,
CA), Princeton Energy Resources International (Rockville, MD), and the Office of Scientific and
Technical Information (Oak Ridge, TN).

Much of the quantitative data are still stored at LANL. However, most of the data are not considered
archived because there is no system in place for their organization, retrieval, or long term storage and
preservation. For this reason, references to the quantitative data sets were not included in the index.

European researchers provided much of the impetus for creating a dedicated HDR project archival and
indexing system. They developed such a system for preserving the results of the completed Rosemanowes
HDR project at Commwall, UK, and are developing a similar system for the ongoing HDR project at
Soultz-sous-Forets, France. The Europeans recommended a similar system be developed for the Fenton
Hill Project under the auspices of Annex III of the Geothermal Implementing Agreement (GIA), to which
the U.S. Department of Energy is a signatory. The GIA, which is sponsored by the International Energy
Agency, is an international framework for cooperative research in geothermal energy.

PROJECT OBJECTIVES

The principal objective of this project was to begin the process of indexing and archiving the most
important technical information and quantitative data resulting from the hot dry rock experimental project
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at Fenton Hill, New Mexico. The Fenton Hill project was conducted by Los Alamos National Laboratory
from 1970 to 1995. This initial effort focused on identifying and recommending formal archiving of the
most important quantitative data sets and creating a database relating the technical reports published by
LANL, the quantitative data sets, and the individual experiments conducted at the site.

Technical Objectives

. Identify and recommend archiving for the most important data from the Fenton Hill HDR project.

. Develop a database identifying and relating the experimental activities, data, and technical reports
published by LANL.

Expected Outcomes

. The expected outcome is that the work will serve as a catalyst for preserving and making accessible

the information and data generated over 25 years and at a cost of approximately $180 million.
APPROACH

The approach included the integration of three important sources of information 1) the “Data Review of
the Hot Dry Rock Project at Fenton Hill, New Mexico” which was undertaken by the same investigators
concurrently with the work described herein, 2) A geothermal bibliography of over 800 citations (mostly
related to HDR) provided by Grant Heiken (LANL), 3) personal interviews with industry and research
personnel.

Based on recommendations from European researchers, we used the relational database system developed
by Polydynamics Engineering, a Swiss firm. International researchers are using the same software for
similar purposes in Europe, Japan, and Australia. After testing the software, we decided to use it for two
reasons. First, it seemed adequate and appropriate and its use would preclude expending considerable
funds to develop a separate system. Second, a common system would facilitate the exchange of data and
information among the various international researchers involved in similar research.

RESEARCH RESULTS
The project resulted in the development of an electronic Project Data Index (PDI) and recommendations
for archiving and preserving specific sets of quantitative data. The PDI references and relates the
experimental activities at the project and 520 technical reports published by LANL over the 22-year
period. Unfortunately, much of the quantitative data are uncertain in regards to their exact location,
content, format, and storage media. This precluded the inclusion of this detailed information in the PDL.
The data identified as being the most important and which we recommend be preserved in archives are:
1. Seismic Data
a. Phase I experiments 203, 195 and 204 (hydraulic fracturing and flow testing of well
EE-1) and the Stress Unlocking Experiment at the end of Run Segment 5
(Experiment 217)

b. Phase II seismic data collected during hydraulic fracturing

2. Phase II Hydraulic Fracturing Data
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3. Phase II Flow Test Data
4. Select Phase I and II Tracer Test Data
5. Select Phase I and Phase II Well Log Data

Further details of these recommendations can be found in the final report “Indexing and Archiving U.S.
Hot Dry Rock Quantitative Data and Other Technical Information.”

FUTURE PLANS
There are currently no plans for continuing this work.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

This work is of limited interest to the geothermal industry. It is of interest primarily to U.S. and
international researchers involved in similar research.

REFERENCES
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Peer Review of the Hot Dry Rock Project at Fenton Hill, New Mexico; GeothermEx, Inc., DOE/ID-10695,
December 1998.

Data Review of the Hot Dry Rock Project at Fenton Hill, New Mexico; GeothermEXx, Inc., DOE/ID-10694,
December 1998.

Overview of the U.S. Department of Energy's Enhanced Geothermal Systems Program, Paul E. Grabowski,
U.S. Department of Energy, September 1998; Proceedings , 4th International Hot Dry Rock Forum,
Strasbourg, France.

DOE's Enhanced Geothermal Systems Program; Clifton Carwile and Daniel J. Entingh; August 1998;
Geothermal Resources Council Bulletin, Vol. 7, No. 6, Aug-Sep. 1998.

Prioritization of Data from the Fenton Hill Hot Dry Rock Project for Archiving, GeothermEXx, Inc.,
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A REVIEW OF GEOTHERMAL WELL STIMULATION EXPERIMENTS IN
THE UNITED STATES

Daniel J. Entingh
Princeton Energy Resources International, LLC

KEY WORDS
well stimulation, hydraulic fracturing, acid treatment, permeability, enhanced geothermal systems
PROJECT BACKGROUND AND STATUS

This review was undertaken to support technical planning for research in enhanced geothermal systems.
Enhanced geothermal systems are those in which advanced technology is required to extract energy from
the earth’s crust in areas with higher than average heat flow but where the natural permeability and/or
fluid content are limited. Such areas are commonly found within or adjacent to commercially operated
geothermal fields in the U.S. and elsewhere. Improving permeability through well stimulation methods is
of interest to improve success ratios for hydrothermal wells and to extract heat energy that would
otherwise be inaccessible.

The review was completed in 1999.
PROJECT OBJECTIVES

The principal objective of this project was to support technical planning for research in enhanced
geothermal systems. It is intended this review will serve as a catalyst for a future baseline study of the
state of the art of rock fracturing and other well stimulation technologies, one of several baseline studies
outlined in the Enhanced Geothermal Systems Roadmap.

Technical Objectives

. Review the methods and results of the ten geothermal well stimulation experiments sponsored by
the U.S. DOE from 1979 through 1984.

Expected Outcomes

. A brief compendium of geothermal well stimulation research to inform planners of research for
enhanced geothermal systems.

APPROACH
The approach included both reviews of technical literature and personal interviews.

RESEARCH RESULTS

This review focused on ten stimulation experiments in geothermal hydrothermal wells sponsored by the
Department of Energy from 1979 through 1984. The Department’s Geothermal Reservoir Well
Stimulation Program (GRWSP) sponsored eight of the ten experiments. These eight studied the
application of conventional petroleum industry well stimulation technologies to geothermal wells. Two
additional experiments involved explosive fracturing and high energy gas fracturing.
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The GRWSP included literature reviews, laboratory studies, field tests of hydraulic fracturing and
acidization treatments. The literature reviews focused on identifying conventional oil and gas well
stimulation technologies for possible applications in geothermal wells. The laboratory work studied high
temperature behavior of stimulation materials as well as their chemical interactions with formation rocks
and fluids. Of eight field experiments conducted, five involved hydraulic fracturing, two involved
acidization, and one involved both hydraulic fracturing and acidization. Two of these field experiments
were conducted at Raft River, Idaho in 1979; two at East Mesa, California, in 1980; two at Baca, New
Mexico, in 1981; one at The Geysers, California, in 1981; and one at Beowawe, Nevada, in 1983.

The results of the GRWSP field experiments were mixed. The best results were achieved in the
sedimentary environment at East Mesa where two hydraulic fracturing operations in the same well, each
at different intervals, resulted in a 114 % improvement in the productivity of the well. In the metamorphic
environments of the other sites the experiments were less successful. The two fracturing treatments at
both Raft River and Baca succeeded in obtaining significant production from previously nonproductive
intervals, but in each case the production was not commercial quality because of deficiencies in flow rates
and/or temperatures. The acid etching experiment at The Geysers resulted in no change in well
productivity. At Beowawe, the acid etching operation resulted in a 230% improvement in injectivity of
the treated well but measurements of possible productivity improvements were precluded by mechanical
problems with the well.

Los Alamos National Laboratory conducted two explosive fracturing operations in a single well at The
Geysers in 1981. The experiments resulted in a 35% reduction in permeability-thickness and steam flow
rate. Researchers speculated that rubble from the explosions partially blocked two deep steam entry
zones.

Experiments by Sandia National Laboratories with high energy gas fracturing (HEGF) in five boreholes at
the DOE Nevada Test Site demonstrated that multiple fractures could be created to link a borehole with
other fractures. That experiment offered some hope that stimulation can create fractures parallel to the
least principal stress in rocks, providing a greater chance of intersecting pre-existing natural fractures,
which generally run perpendicular to the least principal stress. However, a subsequent HGEF experiment
in a geothermal well at The Geysers failed due to premature ignition of the propellant.

FUTURE PLANS

Future plans include a review of geothermal well stimulation experiments in Italy and Japan and a study
of the current state-of-the-art of well stimulation, including recommendations for geothermal well
stimulation R&D.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

This work is of interest to geothermal development companies interested in technologies that will enable
them to convert non-commercial wells into commercial producers or injectors. The review has been
published in two places, the first to reach U.S. geothermal specialists and the second to reach a broader
audience.

Entingh, D.J., “A Review of Geothermal Well Stimulation Experiments in the United States,”
Geothermal Resources Council Transactions, Vol. 23, pp. 175-180, October 1999.

Entingh, D.J., “Geothermal Well Stimulation Experiments in the United States,” in press, Proceedings of
the World Geothermal Congress 2000, Japan, June 2000.

3-90



Geothermal Energy R&D Program RESERVOIR TECHNOLOGY

REFERENCES
Capetti, G. (1998). Personal communication to the author.

Chu, T.Y., Jacobson, R.D., and Warpinski, N. (1987). "Geothermal Well Stimulation Using High Energy
Gas Fracturing," Proceedings, Twelfth Workshop on Geothermal Reservoir Engineering, Stanford
University, Stanford, California, pp. 279-284.

Maurer Engineering (1980a). Geothermal Reservoir Well Stimulation Program: Technology Transfer.
Volume IV - Simulation Techniques for Geothermal Applications, Republic Geothermal, Inc., Report
DOE/AL/10563-T3.

Maurer Engineering (1980b). Geothermal Fracture Stimulation Technology, Republic Geothermal, Inc.,
Report DOE/AL/10563-T8. Vol. 1. Fracturing Proppants and Their Properties. Vol. 2. High Temperature
Proppant Testing. Vol. 3. Geothermal Fracture Fluids. Vol. 4. Proppant Analysis at Geothermal
Conditions.

Mumma, D.M. (1982). "Explosive Stimulation of a Geothermal Well -- Geofrac," Physics International
Company, San Leandro, California, Contractor Report to Los Alamos National Laboratory.

Riney, T.D., and Garg, S.K. (1982). "Evaluation of injection test data from a Baca Well," Proceedings,
Eighth Workshop on Geothermal Reservoir Engineering, Stanford University, Stanford, California, pp.
97-101.

Taylor, L.M., Swenson, D.V., and Cooper, P.W. (1984). A Coupled Gas Flow Solid Dynamics Model for
Predicting the Formation of Fracture Patternsin Gas Well Stimulation Experiments, Sandia National
Laboratories Report SAND84-0016.

Verity, Robert V. (1984). "The Geothermal Well Stimulation Program and Experiments in the Imperial
Valley," Proceedings of the Geothermal Program Review |11, U.S. Department of Energy, Washington,
D.C., October 1984, pp. 171-180.

CONTACTS

Dr. Daniel Entingh Dr. Allan Jelacic

Princeton Energy Resources International, LLC U.S. Department of Energy

1700 Rockville Pike, Suite 550 Office of Geothermal and Wind Technologies
Rockville, MD 20582 1000 Independence Ave., SW

(301) 468-8418 Washington DC 20585

(301) 230-1232 (202) 586-6054

dentingh@perihg.com FAX: (202) 586-8185

allan.jelacic@hq.doe.gov

Bob Creed, Project Manager
Laboratory Development Office
U.S. Department of Energy
Idaho Operations Office

850 Energy Drive, MS 1220
Idaho Falls, ID 83401-1563
(208) 526-9063

FAX: (208) 526-5964
creedrj@id.doe.gov

3-91



RESERVOIR TECHNOLOGY U.S. Department of Energy

3-92



Geothermal Energy R&D Program RESERVOIR TECHNOLOGY

Assessment of the State-of-the-Art of Numerical Simulation of
Enhanced Geothermal Systems

Lynn McLarty
Princeton Energy Resources International, LLC

KEY WORDS
enhanced Geothermal System, Reservoir Simulation, Reservoir Simulator, Reservoir Model

PROJECT BACKGROUND AND STATUS

Although GeothermEx, Inc. conducted the reservoir simulation study described here, it has not reviewed
this paper.

The strategy for Enhanced Geothermal Systems (EGS) research includes a number of technology baseline
studies to determine the status of pertinent technologies and make recommendations for further research
in these technologies in order to rationally plan EGS research. One of the principals behind this strategy
is to identify possible advances in technologies applicable for EGS research but which might be unknown
to geothermal researchers.

This paper briefly reports on a baseline study of reservoir simulators. A number of hydrothermal
reservoir simulation models have been developed, some of which continue to be used for commercial or
research purposes. Of these, this study examined TOUGH2, TETRAD, STAR AND FEHM. The study
also examined simulators designed specifically for hot dry rock reservoirs. These included FRACTure,
GEOTH3D, FRACSIM-3D, and Geocrack?2D. Besides these geothermal reservoir simulators, the study
also examined nuclear-waste-isolation simulators including FLAC and FLAC3D, FracMan and MAFIC,
FTRANS, HYDREF, CHEF, VIPLEF, MAGNUM2D, MOTIF, NAPSAC, ROCMAS, SWIFT98, UDEC.
Also, the study included several other simulators which might have useful aspects but which did not
include a representation of fluid flow in fractures.

This project was begun and completed in federal fiscal 1999.

PROJECT OBJECTIVES

The general objective of the project was to assess geothermal and nuclear-waste-isolation simulators and
make recommendations for further development of simulators applicable to enhanced geothermal
systems.

Technical Objectives

. Gain knowledge of geothermal and nuclear-waste-isolation simulators and evaluate them in the
context of enhanced geothermal systems.

Expected Outcomes
. A complete evaluation of the state-of-the-art of geothermal and nuclear-waste-isolation simulators.
. Recommendations for use of one or more of these simulators, or combinations of them, or efforts

to combine salient aspects of some for simulation of enhanced geothermal systems.
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. Recommendations for improving selected simulators or types of simulators for EGS applications.
APPROACH

The general approach involved evaluating simulators for hydrothermal and hot dry rock reservoirs as well
as those developed for studying nuclear-waste-isolation. The nuclear-waste-isolation simulators were
included for two reasons: 1) most of them simulate fluid flow in fractured media, and 2) there has been
considerable funding for the development of these simulators over the last decade. We first developed a
framework for comparison and then evaluated each of the simulators within that framework. The
framework consisted of identifying and defining the critical features necessary for simulators of
artificially fractured systems. We then evaluated each of the simulators, and compared each with the
others, within this framework. Our reviews included literature reviews, reviews of simulator user
manuals, operation of simulators, and interviews with the developers and experienced users of simulators.

RESEARCH RESULTS

We found that none of the simulators reviewed possessed all the capabilities considered necessary for
simulating artificially fractured reservoirs. However, it is not necessary for a single simulator to possess
all these capabilities at this time because a single simulator or suite of simulators can probably be applied
depending on the problem. The table below lists the capabilities of the simulators deemed to be more
suitable to EGS applications.

Experience with EGS reservoirs is limited enough that it is not realistic to recommend a particular
simulator or simulation approach. A single type of simulator may not be suitable for all EGS projects or
at every stage of a given project. Fracture-based models are applicable, but the simulation of discrete
fractures is speculative until a model can be validated by operational data.

Currently, further development of existing simulators is more useful than developing a single, all-purpose
simulator for EGS. This is particularly true considering that near-term EGS development in the U.S. is
likely to occur in hot, low-permeability areas in or adjacent to commercially developed hydrothermal
fields. It is likely that the use of a simulator in such instances will be to predict the effect of the EGS
development on the conditions in the main part of the hydrothermal reservoir. In the future, EGS
development might require a dedicated EGS simulator that combines the capabilities of HDR and
hydrothermal simulators, and possibly some of the features of the more complex nuclear-waste-isolation
simulators to rigorously model flow in discrete fractures.

Experience with existing simulation tools in real EGS reservoirs is necessary to determine which
modeling approaches and capabilities are best suited for differing reservoirs and project phases. We
recommend federal funding for active simulation of real EGS reservoirs. Preferably, this research could
involve several teams, each modeling the same reservoir with fundamentally different simulators. This
approach would demonstrate which simulators were more appropriate at different stages of reservoir
development and operation and what additional capabilities might need to be added.

We also recommend that further research should target improving both fracture-network simulators and
discrete-fracture simulators for EGS use. Potential areas of improvement include the ability to: 1) handle
two-phase flow (including experimentation to adapt the cubic law for two-phase conditions); 2) simulate
the formation of a hydraulically stimulated fracture network, given appropriate stress information; and
3) modify fracture aperture as a function of both effective and shear stress.

For hydrothermal simulators, the ability to handle deformation could be added, which would enable them
to be used to model the effect on fracture aperture of: 1) thermal contraction of matrix blocks; 2) changes
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in effective stress; and 3) changes in shear stress. Furthermore, although the approximation of fractures
used in the porous-medium simulators has worked well to model highly fractured geothermal reservoirs,
it is cumbersome to implement the specific hydraulic connections associated with a large number of
specific fractures. The use of these models to represent discrete, hydraulically active fractures could be
investigated further, perhaps by adapting a fracture network generator to the porous-medium solver. The
link already developed between FracMan (fracture network mesh generator) and TOUGH2 or FEHM
(solvers) could be investigated to determine its utility in EGS evaluations.

FUTURE PLANS
No follow-on work is currently planned.
INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

This work is of interest to developers and operators of hydrothermal reservoirs as well as to potential
developers of EGS systems.

REFERENCES

“Assessment of the State-of-the-Art of Numerical Simulation of Enhanced Geothermal Systems,”
prepared for the Office of Wind and Geothermal Technologies, U.S. Department of Energy by
GeothermEx, Inc., July 1999.

CONTACTS

Lynn McLarty Dr. Allan Jelacic

Princeton Energy Resources International, LLC U.S. Department of Energy

1700 Rockville Pike, Suite 550 Office of Geothermal and Wind Technologies
Rockville, MD 20582 1000 Independence Ave., SW

(301) 468-8442 Washington DC 20585

(301) 230-1232 (202) 586-6054

LmcLarty@perihg.com (202) 586-8185 (fax)

allan.jelacic@hg.doe.gov

Bob Creed, Project Manager
Laboratory Development Office
U.S. Department of Energy
Idaho Operations Office

850 Energy Drive, MS 1220
Idaho Falls, ID 83401-1563
(208) 526-9063

(208) 526-5964 (fax)
creedrj@id.doe.gov

3-95



RESERVOIR TECHNOLOGY U.S. Department of Energy

3-96



Geothermal Energy R&D Program RESERVOIR TECHNOLOGY

GEOCHEMICAL MONITORING AND TRACER TESTING AT THE COVE
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KEY WORDS
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PROJECT BACKGROUND AND STATUS

The Cove Fort-Sulphurdale geothermal system is one of two fields in Utah currently generating
electricity. The field is unusual because it produces dry steam from a parasitic steam cap and liquid from
the underlying liquid-dominated resource. The field and power plant are jointly owned by the Utah
Municipal Power Agency (UMPA) and Provo City. The plant came on line in 1985 and is currently
generating 6-7 MWe from a combination of condensing and binary units.

In 1995, a geochemical monitoring program was initiated by the Energy & Geoscience Institute to
determine how production was effecting the resource. Since that time, samples from the five producing
dry steam wells have been collected at least biannually, and frequently more often. The dry steam samples
were analyzed for their major gases and gas/steam ratios and their stable isotope compositions. *He/*He
ratios of the steam wells presented by Tonani et al. (1998) indicated that the noble gases were crustal in
origin. In mid 1996, well P-91-4, which produces only liquid, was brought on line and injection was
initiated. Data on the composition of the reservoir liquid was also presented by Tonani et al. (1998).

In order to understand the potential effects on injection on this system, a numerical model of the reservoir
was constructed and a simulated tracer test was performed (Fig. 1; Bloomfield, 1998). A successful
production history match was achieved. The results of this study indicted that injection was providing
pressure support to the field and that movement of the injectate plume into the bore field was very slow.

A tracer test was performed in January, 1999 to quantity the effects of injection and to obtain additional
reservoir information. This test is the first time tracers have been specifically injected to track the
movement of the liquid and vapor phases simultaneously. The results of the tracer testing and
geochemical monitoring are described in this summary.

PROJECT OBJECTIVES

The Cove Fort-Sulphurdale geothermal field is unique because production comes from both a naturally
developed parasitic vapor cap and the underlying liquid-dominated reservoir. Other geothermal systems
are either liquid or vapor-dominated and produce solely from the predominant phase. Thus, the Cove
Fort-Sulphurdale geothermal resource provides a unique opportunity to develop a better understanding of
the behavior and relationships between naturally formed liquid and vapor-dominated portions of the same
reservoir. This information will be of general use to a wide sector of the geothermal community. The
work performed here will also provide an improved understanding of the reservoir boundaries,
communication between injector and production wells, and interaction between the liquid zone and steam
cap. This will help the resource developer optimize production and future expansion of the field.
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Technical Objectives
. Develop and test liquid and vapor-phase tracers for geothermal applications.

. Develop a better understanding of the interactions between liquid-and vapor-dominated portions of
the same resource.

. Determine how changes in reservoir processes are reflected in the chemistries of the reservoir
fluids.

. Develop methods to evaluate tracer testing to acquire reservoir properties.

. Incorporate reservoir properties into numerical simulation techniques that consider both liquid- and

vapor-dominated components of a reservoir.

. Train resource operators to incorporate tracer testing in reservoir management.
Expected Outcomes
. Develop better methods of predicting reservoir processes from changes in the compositions of the

vapor-dominated portions of the system.
. Quantification of reservoir parameters and processes from vapor-phase tracer testing.

. Identification of key parameters that reduce the risk and expense of expanding exploitation of the
Cove Fort-Sulphurdale geothermal resources.

. Development of computationally efficient field scale models to validate project benefits.

. Improved understanding of the behavior of liquid-dominated systems with exploitable vapor-
dominated caps.

APPROACH

The project consists of the integration of three major tasks. They include: 1) establishing the chemical
composition of the reservoir fluids and monitoring changes as a function of time; 2) developing
appropriate numerical simulations of the geothermal reservoir; and 3) tracer testing and monitoring tracer
returns over time

Chemistry of the Reservoir Fluids

Chemical monitoring of the of the Cove Fort-Sulphurdale geothermal system has included compilation of
all fluid analyses into a geochemical database and, and since 1995, routine sampling of the steam and
water wells. Comparison of the analyses will provide information on long term chemical changes in the
reservoir fluids that will help in predicting future reservoir behavior. Frequent sampling on a quarterly
basis prior to injection has been used to assess short-term variations. The sampling and analysis
conducted between 1995 and mid 1999 was supported by DOE. Subsequent sampling will be conducted
by UMPA. The field operators have been trained in the sampling procedures.
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Numerical Modeling

A preliminary numerical model of the Cove Fort-Sulphurdale geothermal system was developed prior to
tracer testing. The geometry of this model was based on existing reservoir geologic, geophysical, pressure
and production data. The model had an areal size of 7000 feet by 7000 feet with a 20 by 20 grid. In
developing the reservoir model, it was assumed that production was primarily from aquifer influx.
Calculated temperature and pressure gradients matched the observed data.

Tracer Testing

One of the principal difficulties in designing a tracer test is determining the quantity of tracer that must be
injected. In this test, 200 kg each of liquid tracer fluorescein and the vapor-phase tracer R-134a were
injected simultaneously into well 42-7 on January 14, 1999. These tracers were selected because of their
stabilities, low detection limits, and the results of the numerical modeling which indicated that movement
of the tracers from the injection to production wells would be slow, and that significant tracer returns
might not occur for at least a year. The wells were sampled on the day of injection, then once per week
for four months and at least monthly thereafter.

RESEARCH RESULTS

Investigations of the Cove Fort-Sulphurdale geothermal system are providing a unique opportunity to
analyze reservoir and tracer behavior in a moderate-temperature field producing from both a parasitic
vapor cap and the underlying liquid reservoir. A comparison of the analytical data indicate that the
compositions of the steam and liquid have remained relatively stable since production began in 1985, but
that the steam wells recorded a transient pulse of increased gas shortly after injection was initiated in mid
1996. Recent sampling indicates that these ratios have returned to preinjection levels.

The tracer test has yielded positive results. R-134a, which was injected to trace the movement of the
vapor-phase, was detected in all of the steam wells two weeks after injection and as of January 2000,
tracer concentrations are still increasing. Mass balance calculations indicate that less than 1% of the R-
134a has been recovered. This behavior is in contrast to tracer profiles from the vapor-dominated system
at The Geysers, which typically show short duration spikes in tracer returns and high recoveries. (Fig 1).
These results are consistent with the numerical modeling and suggest that the early tracer returns have
come from a location where the reservoir taps a small fraction of the slowly-moving, liquid injection
plume close to the injection well. It is possible that the rest of the tracer may arrive later, and by a
different route. The results of the numerical simulation are shown for three months and one year after the
start of the tracer test (Fig 2 & 3).
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Figure 1. Steam well recovery curves for R-134a

Figure 2. Three months after start of tracer test

Figure 3. One year after start of tracer test
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FUTURE PLANS

We plan to continue the model study and develop and implement techniques to characterize geothermal
resources using tracers. We will:

. Identify methods of relaxing the boundary conditions to incorporate what is happening outside the
study area.

. Incorporate tracer test results into the numerical simulation.

. Continue monitoring tracer returns

. Continue monitoring the gas compositions of the production wells;

. Characterize changes in gas composition over time and determine the reservoir conditions

responsible for them;
. Incorporate these changing reservoir conditions into the numerical simulations being developed;

. Present the results to the geothermal industry
INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

There is significant interest in this project from both UMPA and the industry in general because of the
similarities between the Cove Fort-Sulphurdale geothermal systems and other systems with parasitic
vapor caps. The initial numerical simulations and tracer status report were presented at the annual
Stanford Geothermal Workshop and have been provided to UMPA.

REFERENCES

Bloomfield, K. K., Moore, J. N., Sperry, T. L., 1998, Cove Fort-Sulphurdale Reservoir Numerical
Simulation: Geothermal Resources Council Transactions, v22, pp.149-152

Ross, H. P., Moore, J. N., 1985, Geophysical Investigations of the Cove Fort-Sulphurdale Geothermal
System, Utah: Geophysics, v50, pp.1732-1745.

Ross, H. P., Blackett, R. E., Sperry, T. L., 1997, Self-Potential and Electrical Resistivity Studies of the
Cove Fort-Sulphurdale Geothermal System, Utah: Geothermal Resource Council Transactions, v.21, pp.
255-261.

Nash, G. D., 1997, Preliminary Results from Two Spectral-Geobotanical Surveys Over Geothermal
Areas: Cove Fort-Sulphurdale, Utah and Dixie Valley, Nevada: Geothermal Resource Council
Transactions, v.21, pp. 203-209.

Huttrer, G. W., 1992, Geothermal exploration at Cove Fort-Sulphurdale, Utah 1972-1992: Geothermal
Resource Council Transactions, v.16, pp. 89-95.

3-101



RESERVOIR TECHNOLOGY U.S. Department of Energy

CONTACTS

DOE Program Manager: Principal Investigator:
Marshall Reed Joseph N. Moore

U. S. Department of Energy Energy & Geoscience Institute
Geothermal Division, EE-122 423 Wakara Way

1000 Independence Ave., SW Salt Lake City, UT 84108
Washington, D. C. 20585 Tel: (801) 585-6931

Tel: (202) 586-8076 Fax: (801) 585-3540

Fax: (202) 586-8185

DOE Idaho Operations Office Program
Manager:

Peggy Brookshier

U. S. Department of Energy

Idaho Operations Office

795 DOE Place, MS 1220

Idaho Falls, ID 83401-1563

Tel: (208) 526-1403

Fax: (208) 526-5964

3-102



Geothermal Energy R&D Program RESERVOIR TECHNOLOGY

EFFECTS OF COLD WATER INJECTION:
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PROJECT BACKGROUND AND STATUS

The Lawrence Berkeley National Laboratory has studied the liquid-dominated Cerro Prieto field of
northern Baja California, some 30 km south of the California-Mexico border, since the late 1970s. This
work is done in close cooperation with the Comision Federal de Electricidad (CFE), operator of the field.
Until about 1989, all separated brines and excess condensate produced at Cerro Prieto were discharged
into a large man-made pond located west of the wellfield. During the summer the climatic conditions of
the region are ideal for evaporating the brine stored in the pond, however in winter the water level tends
to rise, sometimes filling the pond to capacity.

As the installed electrical generation capacity at the field rose, fluid production rate as well as waste brine
volumes increased, especially after 1986-87 when two large (220 MWe) power plants were put on line. At
that time, CFE began to build facilities to inject the pond brine back into the reservoir to avoid possible
brine infiltration into the alluvium of the Mexicali Valley.

Long-term injection experiments started in wells drilled on the western edge of the geothermal field in
April 1989 (Gutiérrez Puente and Ribo Mufioz, 1994). Since then, the number of wells and the amount of
injected fluid has varied, reaching a maximum of 24 % of the total mass extracted in 1993 (Truesdell et
al., 1997); at present, around 20 % is injected. The bulk of the fluid injected is cold (i.e., brine from the
evaporation pond). To date, only minor amounts of hot separated brines have been injected taking
advantage of the wellhead separation pressures.

It is important to note that at the beginning, the main goal of CFE’s injection project was the disposal of
brine to reduce the volume stored in the evaporation pond. As the beneficial effects of injection on nearby
production wells became evident, the emphasis of the operation shifted to finding the optimum
injection/production scheme for recharging the geothermal system without premature thermal
breakthrough in production wells.

PROJECT OBJECTIVES

The overall purpose of the project was to study the effects of injecting cold brine from the evaporation
pond on nearby production wells in the western part of the field (Cerro Prieto I area; CP-I).

Technical Objectives

. Determine and quantify the changes (if any) in the chemistry, enthalpy of the produced geothermal
fluids, and output of production wells that resulted from the injection of cold brines.
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. Identify the processes affecting the chemistry of the waste geothermal brines as they are
temporarily stored and then injected back into the reservoir.

Expected Outcomes

. Conference paper describing the effects of injection on Cerro Prieto production wells, and
associated chemical and physical processes.

APPROACH

Production, injection and chemistry data provided by CFE, as well as information from published reports,
conference articles and journal papers are analyzed to (1) identify physical and geochemical processes
that occur during the storage, evaporation and injection of waste geothermal brines, and (2) quantify
changes in producing wells resulting from the injection of cold brines into the reservoir.

RESEARCH RESULTS

As described by Truesdell et al. (1999), the study determined that,

. The waste geothermal brines stored in the evaporation pond have lost silica, which lowered the
possibility of mineral precipitation that may reduce well injectivities.

. Silica in the pond brine decreased to near equilibrium with amorphous silica, and re-equilibrates
with quartz in the reservoir after injection.

. Several production wells in the western part of the Cerro Prieto field (CP-I area) showed beneficial
effects from injection (i.e., sustained well production capacity).

. Some cooling of the reservoir has occurred near the deeper CP-I well E-55 which produces the
highest proportion of injected brine. Chemical front breakthrough was identified in this well on the
basis of the chloride content in the produced fluid, however thermal breakthrough was not evident.

Considering the positive results to date, we conclude that the injection of cooled waste geothermal brines
should continue along the western boundary of the Cerro Prieto field, and we recommend that injection of
hot separated brines in other areas should be contemplated by CFE.

FUTURE PLANS

The analysis of Cerro Prieto production and injection data will continue as part of the on-going field case
study. The information being gathered continues to provide insights on the behavior of geothermal
systems under exploitation Even though Cerro Prieto has a predominantly porous medium reservoir
(fractures only seem to be prevalent at deeper levels), many of the physical and chemical phenomena
observed, or inferred from field data, are also occurring in other geothermal areas.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

U.S. companies interested in the development of the Salton Trough geothermal resources on both sides of
the California-Baja California border, will benefit in the results of the Cerro Prieto case study. The data
and the results of the study will be useful in their exploration, evaluation and development efforts.
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PROJECT BACKGROUND AND STATUS

The Rio Grande rift provides an excellent field laboratory to study the nature of geothermal systems in an
extensional environment. Much of the geologic complexity that is found in the Basin and Range is absent
because the rift is located on cratonic crust with a thin and relatively well understood Phanerozoic
stratigraphy. On the other hand, the Neogene thermo-tectonic history of the rift has many parallels with
the Basin and Range to the west (Chapin and Seager, 1975; Seager and others, 1984).

The geology of the southern Rio Grande rift is among the best characterized rift systems in the world.
Also, the Quaternary geologic framework of rift study areas is exceptionally well characterized (Gile and
others, 1981; Seager and others, 1982; Seager and others, 1987; Seager and Hawley, 1973; and Seager
and others, 1971).

Pleistocene to Holocene entrenchment of the Rio Grande and tributaries unroofs the alteration signatures
and permeability attributes of paleo outflow plumes and upflow zones, associated with present-day, but
hidden or "blind," hydrothermal systems at Rincon and San Diego Mountain (Witcher, 1991a, and 1998).
These areas are important because both the hanging wall and footwall expressions of major controlling
structures are exposed. Alteration aureoles, intercalated paleo hot spring deposits, and domains of fault-
and geothermal-related fracturing exposed in badlands topography allow a "four" dimensional view of
these systems. A view of the fourth dimension, time, for these geothermal systems is possible because the
stratigraphy, tephrochronology and paleomagnetic signature of host Pleistocene sediments is very well
characterized (Mack and others, 1998; Mack and others, 1996; Mack and others, 1993; and Mack and
James, 1986). In addition, hydrothermal alteration and paleo spring deposits provide additional datable
material. In many cases, paleo hot spring deposits are draped across geomorphic surfaces (terraces and
straths) associated with an entrenching ancestral Rio Grande (post 700 ka) (Jarvis and others, 1998).

This project also has a near-term economic development goal to spur geothermal use at Jemez Pueblo in
order to provide much needed revenue and employment opportunities. Available resource data suggest
that geothermal production for direct-use may have among the lowest capital and operating cost potential
of the resources in New Mexico due to the shallow reservoir depth and artesian head of the fluids
(Witcher, 1991D).

This project, which began in the Summer of 1998, will be completed in 2000.
PROJECT OBJECTIVES

Recognition of geohydrologic windows through the use regional subcrop map compilations appears to
provide a first-order geologic model to predict resource occurrence on regional and intermediate scales
(Witcher, 1988). However, the actual nature of the flow paths, recharge sources, depth of circulation,
relation to Neogene tectonism and magmatism, and behavior of the systems through time is unknown or
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very poorly defined for Rio Grande rift geothermal systems outside of the Valles Caldera area in Jemez
Mountains of New Mexico. This research project is directed at defining the main geologic and
hydrogeologic characteristics of higher temperature geothermal systems in the Rio Grande rift outside of
the Valles Caldera.

Technical Objectives

. Identify and map primary and secondary structural and stratigraphic controls on system upflow and
lateral outflow.

. Characterize the geochemical and stable isotopic signatures associated with the upflow and lateral
outflow alteration and fracture mineralization.

. Describe the paragenetic sequence of alteration minerals and events.
. Map the extent of petrologic and geochemical signatures of hydrothermal processes and events.
. Determine paleo temperatures and salinity where suitable fluid inclusion information may be

obtained from alteration and fracture mineral phases.

. Define the lateral extent of the shallow geothermal resource at Jemez Pueblo.
Expected Objectives
. Document the temporal and spatial evolution and development of geohydrologic windows for rift

hydrothermal systems with respect to architectural elements of the rift and complementary normal
faults and stratigraphy.

. Document the nature and importance of older deeply-penetrating pre-rift structures for fracture
permeability and reservoir hosts.

. Detail the hydrothermal history and relate this history to the Neogene timelines of regional
geologic evolution and climate.

. A dipole-dipole resistivity survey will determine the extent of the shallow geothermal resource at
Jemez Pueblo and lead to near-term utilization.

. Direct-use and/or small-scale binary electrical power geothermal development is expected at
Rincon, Hillsboro, and San Diego Mountain in the near future.

The first three expected objectives of the field case studies developed by this project will greatly assist
efforts to successfully explore and wisely develop "blind" Basin and Range or rift-related and fracture-
dominated geothermal systems.

APPROACH

Detailed geologic mapping is delineating the structural permeability of these systems and the alteration
types and distribution. Major stratigraphic units include fluvial channel deposits of sand and gravel, opal
beds (siliceous sinter), overbank silt and clay and other beds as necessary to describe the outflow plume
alteration and hydrostratigraphy. Stratigraphically coherent sampling for alteration and geochemistry is
performed in conjunction with the mapping. Alteration studies include petrographic study of thin-sections
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and X-ray diffraction. Geochemical analysis includes whole-rock major and trace element analyses of
altered and unaltered lithologies. Paleo fluid temperature and salinity will be determined where alteration
and fracture mineral phases provide suitable primary fluid inclusions.

Stable oxygen, carbon, and sulfur isotope analysis of solid phases provides important clues on the
recharge, flow paths and the magnitude of geochemical interaction between geothermal fluids and
reservoir rocks. Also, selected materials will be age dated to extract detailed information on timing and
duration of specific hydrothermal events or processes.

A detailed petrographic and geochemical analysis of core from the Rincon SLH#1 corehole is also being
conducted. This borehole, 371 m depth, was funded by the State of New Mexico (Witcher, 1998).

Finally, a dipole-dipole electrical resistivity survey in conjunction with Dr. Howard Ross, Energy and
Geoscience Institute (EGI), University of Utah will complete the geothermal resource evaluation of Jemez
Pueblo tribal lands prior to actual production drilling and commercial geothermal use.

RESEARCH RESULTS

The Rincon and San Diego Mountain geothermal systems are associated with Neogene inversion
tectonics within the rift. Both areas represent basement terranes or horst blocks that are actively piercing
upward from an older Miocene graben floor through Oligocene to Late Miocene volcanics and basin fill.
The hanging walls on both uplifted terranes contain fracture and breccia zone barite and minor fluorite
mineralization. Uplift of Precambrian granite to the surface at San Diego Mountain may exceed 2 km
since 9.6 Ma, the age of the Seldon basalt flow (Seager and others, 1984) that was extruded on to the floor
of the Miocene Rincon basin near the end of basin deposition. An apatite fission track age on the San
Diego Mountain granite in the footwall indicates uplift through the 120 °C isotherm at 6.5 +/- 2.2 Ma
(Kelley and Chapin, 1997).

Footwall barite mineralization in these areas has several important implications. First, this mineralization
may document reservoir conditions of present-day geothermal systems in the rift because the low salinity
and moderate homogenization temperatures of fluid inclusions are compatible with salinity and maximum
geothermometers of many higher temperature systems such as Rincon (Witcher, 1991a and McLemore
and others, 1998). Pleistocene barite mineralization is also observed in fractures of core from the Rincon
SLHI1 borehole. Second, the life span of these systems may exceed 6.5 million years and be a
hydrogeologic consequence or expression of the tectonism.

At Rincon, mapping shows that the north striking East Rincon Hills fault segments and jogs left lateral in
the area of highest temperature gradients and most anomalous SP survey areas discussed in Ross and
Witcher (1998). As fault tips are approached at the lateral offset, the fault zone damage increases in
intensity and breadth and is characterized by a widening zone of erosion resistant silicified breccia.
Hanging wall strata show a "half dome" upwarp geometry around the fault "dog leg." A set of high-angle
fractures cuts the hanging wall region of fault tips or segment termination. These fractures are oblique to
fault strike and are filled with banded opal. Core from the Rincon SLHI borehole indicate that the
fracture fills change systematically with depth (Witcher, 1998). Only opal is present above 122 m depth,
opal is absent below 183 m depth. Drusy quartz is present below 143 m depth along with pyrite and some
barite. While fractures are largely filled above 122 m depth, the fractures are partially to fully open at
greater depth.

Rift accommodation or transfer zones are emerging from this research as extremely important generators
of fracture permeability and for the evolution of hydrogeologic windows for shallow geothermal
resources in fault footwalls and horst blocks in the rift. Also, the local architecture of faults such as "jog"
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or "dog leg" transfer zones show enhanced open fracture permeability along the fault plane and in the
adjacent hanging wall ramp zones.

FUTURE PLANS

Current emphasis is on detailed petrographic study of alteration and mineralization and geochemical
systematics.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

Jemez Pueblo geothermal as a vehicle for tribal economic development

lease holders binary electrical power production

startup business large-scale (~10 acre) geothermal greenhouse development

NMGS led 110 members of New Mexico Geological Society on field trip to Rincon

geothermal area to view exposure of Pleistocene geothermal system in November
1998 (Witcher, 1998 and Mack and others, 1998)
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PROJECT BACKGROUND AND STATUS

Injection of produced fluids is essential to prudent geothermal reservoir-management strategies, both as a
means of disposing of an environmental pollutant as well as a method of maintaining reservoir pressures.
The location of the injection wells within the three-dimensional network of fractures that forms the
reservoir is crucial to the successful exploitation of the field. Proper well location leads to increased
power production due to enhanced pressures, less reservoir scaling from boiling around the production
wells, and reduced thermal breakthrough. Introduction of tracers into the injection-production loops is the
fastest and most effective method of obtaining data that reveal the flow patterns of injected fluids.

At the inception of the tracer development program in 1982, there were very few tracers in use by the
geothermal industry. In addition, an insufficient knowledge of the thermal stability of these known tracers
produced a lack of confidence in the results of tracer field tests. Surveys of the geothermal industry by the
DOE indicated a strong belief that tracer research and development would be very valuable if stable
geothermal tracers could be developed. It was on this basis that the tracer development project was
founded. Several tracers have subsequently been developed and field-tested (Adams and Davis, 1991;
Adams et al., 1992; Rose and Adams, 1994; Rose and McPherson, 1997; Rose €t al., 1998; Rose, 1998;
Rose et al., 1999; Rose €t al., 2000). Laboratory and field testing continues in an effort to develop
additional tracers in order to facilitate the prodigious task of tracing the flow paths of injected geothermal
fluids through hydrothermal systems.

PROJECT OBJECTIVE

The primary objective of this research project is to identify and test candidate compounds for use as
tracers in geothermal reservoirs. An ideal tracer is nontoxic, environmentally benign, thermally stable (or
possessing a quantifiable and reasonably slow rate of decay under geothermal conditions), detectable at
very low concentrations, non-reactive with the reservoir rock and relatively inexpensive. As many of
these compounds as possible should be identified because of the need for identifying individual
injector/producer flow paths in reservoirs containing multiple injection wells.

Technical Objectives

. To prove the stability of several candidate compounds for use as tracers in high-temperature
geothermal reservoirs. Use both laboratory and field-tests to provide the evidence of stability. As
many of these compounds as possible should be identified because of the need for the simultaneous
use of multiple tracers in reservoirs containing many injection wells and, as a result, multiple
injection-production flow paths.

. To demonstrate the greatly enhanced detectability of fluorescent compounds using the emerging
technologies of laser-induced fluorescence, fiber optics and charge-coupled device (CCD)
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spectrometry. Using this approach the detection limit of fluorescent compounds can be reduced by
a factor of 1000 to the low parts-per-quadrillion range. This allows not only for a huge reduction in
the amount of tracer required for a tracer test, but also for the use of many fluorescent compounds
that are not available in bulk quantities.

Expected Outcomes

. To provide a minimum of seven affordable, easily detectable tracers that are stable in geothermal
reservoirs with temperatures exceeding 300°C.

. To demonstrate a reduction in the detection limit of fluorescent compounds by a factor of 1000
from the current low parts-per-trillion range to the low parts-per-quadrillion range.

APPROACH

Our approach to the development of new tracers for use in high-temperature geothermal reservoirs has
been, first, to search the literature for promising candidates. Next, standard methods of chemical analysis
are employed in order to determine whether the candidate compounds are sufficiently detectable to render
them affordable for industrial application. The surviving candidates are then subjected to a series of
laboratory experiments using high-pressure autoclaves to create an environment of temperature, pressure,
and solution matrix that simulates the reservoir environment. Upon completion of the laboratory phase,
the candidate tracers are field-tested in geothermal reservoirs. The results of the full-scale field tests are
then compared to the results of the laboratory tests in order to refine the laboratory-derived parameters.
Finally, the results of the laboratory experiments and field tests are published in the open literature. These
methods provide for rapid evaluation of candidate compounds and immediate, up-to-date access of our
results to the geothermal community.

Our approach to the development of greatly increased detectability of fluorescent tracers has focused on
the emerging technologies of laser-induced fluorescence, fiber optics and CCD spectrometry. Significant
improvement in detectability means that the quantity of tracer required in a field test will likewise be
greatly reduced, with a concomitant reduction in cost to the geothermal operator. Small quantities also
mean that many fluorescent compounds that are not currently manufactured in bulk will become available
as tracers. Many of the technologies that we will demonstrate will have applicability in the development
of rugged, affordable, on-line tracer detection at the well head, which geothermal operators have long
desired.

RESEARCH RESULTS AND VARIANCES
Tracersfor Usein High Temperature Geothermal Reservoirs

In order for candidate tracers to qualify for use in the geothermal industry, they must be environmentally
benign, affordable, detectable, thermally stable, and resistant to adsorption. Unfortunately, very few non-
radioactive compounds are both very detectable and thermally stable under the rigors of a hydrothermal
environment at 300°C. We are continuing a systematic approach to the identification of viable tracers by
looking within a class of fluorescent compounds that is known to possess these qualities--the sulfonate
derivatives of polyaromatic hydrocarbons.

The polyaromatic sulfonates possess excellent thermal stability due to their condensed aromatic ring
structure, which possesses significant double-bond character. Likewise, this condensed aromatic ring
structure accounts for their fluorescence, which, in turn explains their excellent detectability. Figure 1
shows the various sulfonate derivatives of the 2- and 4-ring polyaromatic hydrocarbons that we have
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evaluated in the laboratory and in field studies during the past two years (Rose, 1998; Rose €t al., 1998;
Rose et al., 1999; Rose et al., 2000). Column 3 lists the extent of thermal decay observed for each
compound upon exposure to laboratory-simulated geothermal reservoir conditions for one week at 300°C.
Since the experimental error was 5%, only Crisotan R5 evidenced any measurable decay.

In subsequent experiments, 1,5-naphthalene disulfonate and 1,3,6-naphthalene trisulfonate showed only
20% decay upon exposure to geothermal conditions for one week at 330°C. Further studies of these
compounds were conducted to determine their Arrhenius decay rate constants as functions of temperature
over the range 310°C to 330°C (Rose €t al., 1999; Rose €t al., 2000). From these studies, it is evident that
1,5-naphthalene disulfonate and 1,3,6-naphthalene trisulfonate, which can be used in geothermal
reservoirs with temperatures approaching 340°C, are considerably more thermally stable than the
xanthene dyes fluorescein and rhodamine WT, which are qualified for use as tracers in reservoirs with
temperatures as high as 250°C and 180°C, respectively.

Whereas laboratory experimentation is required for testing candidate tracers under controlled conditions
of time, temperature, pressure and solution chemistry, the tracer qualification process is incomplete
without field-testing. 1,5-naphthalene disulfonate and 1,3,6-naphthalene trisulfonate were used in tracer
tests at the Dixie Valley, Nevada, Ohaaki, New Zealand, and Awibengkok, Indonesia, geothermal
reservoirs (Rose et al., 2000). All tests were successful; each tracer behaved conservatively and in
accordance with laboratory predictions.

Greatly Enhanced Detectability of Geothermal Tracers

We designed, fabricated and tested an instrument for reducing the detection limit of fluorescent
compounds by a factor of 1000 (see Figure 2). In addition, we evaluated a number of candidate
fluorescent compounds that can be analyzed using this instrument. For those compounds that had the
lowest detection limits, we have begun to characterize their decay kinetics parameters under laboratory
conditions that simulate a geothermal reservoir.

PLANS FOR CONTINUING WORK

Additional fluorescent candidate tracers from among the polyaromatic sulfonates will be tested for
thermal stability and detectability in the laboratory under conditions that simulate high-temperature
liquid-dominated geothermal reservoirs. The Arrhenius decay rate constants for 2-naphthalene sulfonate
and 2,7-naphthalene disulfonate will be determined at appropriate temperatures. In addition, we will seek
opportunities to test these tracers in high-temperature (300°C or hotter) liquid-dominated hydrothermal
systems. We will continue to evaluate the candidate fluorescein derivatives in order to select one for
demonstrating the laser-induced fluorimetry approach and parts-per-quadrillion detection in a full-scale
field test.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

All of our field tests are designed to maximize the collection of reservoir information as well as data on
tracer stability. Because of this balance between research and application, industry is willing to cost-share
those tests. The following table lists the name of the company as well as the type and extent of interest
that it has demonstrated:
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Organization Type and Extent of Interest
CalEnergy Corporation cost-shared tracer test at Coso, CA, geothermal reservoir
Calpine Corporation cost-shared tracer test at The Geysers, CA, geothermal reservoir
Far West Capital Inc. cost-shared tracer test at Steamboat Hills, NV, geothermal
reservoir

Northern California Power Agency | cost-shared tracer test at The Geysers, CA, geothermal reservoir

Oxbow Power Services cost-shared tracer test at Dixie Valley, NV, geothermal reservoir

Oxbow Power Services cost-shared tracer test at Beowawe, NV, geothermal reservoir

Pacific Gas and Electric cost-shared tracer test at The Geysers, CA, geothermal reservoir

Unocal Energy Resources cost-shared tracer test at The Geysers, CA, geothermal reservoir

Unocal Geothermal of Indonesia cost-shared tracer test at Awibengkok, Indonesia, geothermal
reservoir

USGS and DOE Cost-shared tracer test at INEEL, ID

Technology Transfer at the Idaho National Energy and Environmental Lab (INEEL)

The polyaromatic sulfonate tracers that we are evaluating for tracing fluids in geothermal reservoirs are
also useful in ground water tracing applications. In conjunction with the USGS, we conducted a cost-
shared tracer test at DOE’s INEEL facility near Idaho Falls, Idaho, at a site adjacent to INEEL’s
Radioactive Waste Management Complex (RWMC).

For the test, the geothermal tracer 1,5-naphthalene disulfonate was added to temporary lakes (“spreading
areas”) adjacent to the Radioactive Waste Management Complex (RWMC). These spreading areas are
used for flood control during spring run-off. Water from the spreading areas flows into the subsurface,
principally through fractured basalt deposits, and intersects unconsolidated sedimentary interbeds
approximately 110 and 240 ft below the surface.

Tracer was detected in wells within the RWMC, indicating a high-conductivity pathway between the
spreading areas and the RWMC via the sedimentary interbeds. Tracer was also detected in an aquifer
below the water table. This test represents the first reported successful use of any of the polyaromatic
sulfonates as ground water tracers. It has also stimulated a great deal of interest in the use of the
polyaromatic sulfonates as tracers in other sites at INEEL.
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Figure 1. Chemical structures of the polyaromatic sulfonates tested in the laboratory and in the field.
Column 3 shows the percent decay of each compound upon exposure to simulated reservoir conditions in
laboratory batch reactors at 300°C for one week. Column 4 lists the excitation and emission maxima for
each compound.
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Figure 2. Schematic drawing of the laser-induced fluorescence equipment. A standard liquid
chromatographic system physically separates analytes and delivers them to the flow cell. Light of an
appropriate wavelength is delivered by an optical fiber to the flow cell. The fluorescent signal from the
analyte is then backscattered and delivered via more optical fibers to the spectrometer and CCD camera,

whereupon the signal is analyzed and interpreted by computer software.
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PROJECT BACKGROUND AND STATUS

Medicine Lake volcano (MLV) is a massive, Pleistocene-Holocene shield volcano situated just east of the
Cascade range in northeastern California. The volcano hosts a large, active, high-temperature (up to
288°C; lovenitti and Hill, 1997), liquid-dominated geothermal system now being evaluated by CalEnergy
and Calpine Corporations (Richard et al., 1998). The system is perhaps the most promising, currently
undeveloped, electrical-grade geothermal resource in the contiguous United States. Numerous thermal-
gradient boreholes and four deep production-scale wells have been completed in the MLV system. Three
of the wells, in the CEC Telephone Flat region, are capable of commercial, electrical-grade, thermal-fluid
production, and CEC has proposed accordingly to install and operate a 48 MW geothermal plant on the
property (Iovenitti and Hill, 1997).

Although CEC and its predecessors at MLV have demonstrated the presence of a viable Telephone Flat
geothermal resource, in the process assembling a voluminous geoscientific exploration database,
additional work is desirable to develop an optimal geologic model of the system — a model to help guide
future exploration and development efforts, and one which is tightly focused on elucidating the nature and
configuration of the system’s all-important porosity and permeability network. One means of
accomplishing this task is through cooperative investigation with Department of Energy geothermal
researchers. This approach has been highly beneficial at such geothermal systems as The Geysers (Hulen
et al., 1995), California, and Awibengkok, West Java, Indonesia (Hulen and Anderson, 1998). Through
implementation of such a program, industry gains the services of a dedicated research team of a size and
breadth of knowledge which most geothermal companies find impractical to maintain internally.
Researchers are correspondingly able to work with talented industry personnel on incomparable research
materials which would otherwise remain exclusively proprietary.

EGI has obtained the key documents, data sets, and petrographic thin sections accumulated by CEC for its
Medicine Lake/Telephone Flat geothermal exploration effort. Under the broader terms of a CEC-EGI
technical data gathering agreement, these data, reports, and samples are considered confidential and
proprietary, but can be used freely in support of EGI research projects. Results of these projects, by
contractual obligation to the DOE Office of Geothermal Technologies, can be published with prior review
by CEC.

CEC has proposed to complete a deep scientific coring effort at Telephone Flat, and has secured partial
funding for that purpose from the California Energy Commission. Although funded, the project has been
temporarily delayed until National Forest and other land-use issues are resolved. Because of the highly
promising nature of this resource, and because a geothermal field would have minimal impact on the
environment, we assume that the coring effort will get underway, and are preparing accordingly. In the
meantime, the rich geological, geochemical, hydrological, and geophysical database for MLV is enabling
EGI to prepare an unusually detailed three-dimensional picture of a large Holocene volcano and the
vigorous, electrical-grade geothermal system which it hosts.
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PROJECT OBJECTIVES
Technical Objectives

. Evaluate the existing Telephone Flat and MLV geological, geochemical, hydrological, and
geophysical database, including information obtained directly by CEC and its predecessors at the
site as well as published accounts, in particular the landmark contributions of the U.S. Geological
Survey (e.g. Donnelly-Nolan et al., 1990; Bargar and Keith, 1999; Lowenstern et al., 1999).

. Examine the existing documentation (lithologic logs, geophysical logs, XRD analyses,
petrographic descriptions, etc.) for cores and cutting retrieved to date from the Medicine Lake
volcano. Determine what further characterization would be beneficial to the overall research effort.
Complete this additional work (e.g. fluid-inclusion, stable-isotopic, age-dating, petrographic
investigations).

. Build conceptual models portraying possible 3-D configurations for the explored and outlying
portions of the Telephone Flat system.

. Select coring sites in the system most likely to yield the maximum amount of useful subsurface
information about the circulating geothermal system and its permeability and porosity network.

. (Contingent on final approval for project): Hulen to participate in a Telephone Flat scientific coring
effort in the capacity of Chief Scientist, discharging the duties of that position as for past such
efforts including The Geysers Coring Project

Expected Outcomes

. Improved understanding, in three dimensions, of the stratigraphic, structural, alteration,
mineralization, and permeability configurations of the Medicine Lake volcano and Telephone Flat
geothermal system as well as similar such volcanic-geothermal settings around the world.

. Selection of the best possible Telephone Flat coring site to obtain the maximum amount of useful
information about the circulating geothermal system, its enveloping hydrologic seal, and its
youthful volcano-tectonic setting.

APPROACH

Phillips and Occidental Petroleum and Unocal Geothermal assembled a rich database on the geology,
geochemistry, alteration, hydrology, and structural setting of Telephone Flat as an essential part of their
extensive exploration effort commencing in the mid-1980's. The Phillips and Occidental data were
inherited by Calpine Corporation, and the Unocal data were acquired by CEC in 1993. Since then, CEC
and Calpine have significantly augmented the database through new exploration and evaluation. The
combined database includes, but is not limited to, borehole logs of all types, petrographic descriptions,
fluid-inclusion microthermometry, downhole stable-isotope analyses, whole-rock geochemistry, volcanic
stratigraphy, magnetotelluric survey results, gravity, magnetics, and surface and subsurface water
chemistry and isotopic composition. It is a wonderful resource, obviating the need for extensive additional
such work in the near term. We are absorbing, cataloguing, and utilizing the data sets in alternative ways
to obtain a thorough understanding of the system as known by the geothermal companies, and doing a
limited amount of supplemental petrographic and XRD analytical work to bridge gaps where we perceive
them. A three-dimensional model of the volcano and geothermal field has not heretofore been prepared.
We have made good progress in completing this task, because we believe strongly such models aid
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immeasurably in the visualizing of the subsurface geologic setting necessary for optimum drill hole siting
and ultimately geothermal production. With regard to the proposed scientific drilling efforts, we are of
course in close contact with CEC geoscientists, who are the real experts on the Telephone Flat system,
when the answers to specific questions are not immediately accessible from study of the database.

RESEARCH RESULTS

During 1999, we completed lithologic, petrographic, and mineralogic assessments of five thermal-
gradient wells and one deep productive geothermal well. This exemplary cross section will anchor
completion of the 3-D model discussed above. Among the significant findings of this inaugural effort:
(1) The active, productive portion of the geothermal system is hosted by commonly intensely
propylitized, Pliocene to Pleistocene volcanic rocks ranging in composition from rhyolite to basalt, but
dominated by the latter. Thick (>10 m) intervals of this sequence commonly contain >20% epidote, the
key propylitic phase. (2) the productive propylitic zone is overlain by moderately to intensely argillized
and sericitized volcanics of similar composition. These layer-silicate altered rocks provide a tight top-
seal, or cap, on the underlying, convective geothermal system. The cap not only prevents the incursion of
cool groundwaters downward into the system, it prevents the egress of hot hydrothermal fluids, thereby
preserving overall system integrity. The caprock is overlain by a zone of only weakly altered Pleistocene
to Holocene volcanics—a zone which corresponds to a pronounced, cool-isothermal interval on
production-temperature logs. The cap itself is distinguished by a very steep conductive gradient. From the
bottom of the cap to the base of the reservoir, temperatures measured so far in the MLV system are near-
isothermal between about 230°C and 260°C—again, the maximum temperature measured in the field to
date is 288°C.

The lower reaches of two deep production-scale wells at MLV penetrate granitoid intrusions ranging in
composition from granodiorite to granite. In one well, Glass Mountain Federal 31-17, the granodiorite is
dominant, and is intensely potassically altered (secondary biotite after original mafics; secondary K-spar
forming thick, irregular rims on primary plagioclase crystals. Highly saline secondary fluid inclusions are
common in primary quartz, suggesting that the alteration may be of magmatic-hydrothermal origin.
Lowenstern et al. (1999) have dated at least one phase of the granodiorite from 31-17 at about 230 ka. A
younger age from argon-argon incremental-heating age-dating of K-feldspar (about 150 ka) likely reflects
the strong potassic alteration. These intrusions are indicated by geophysical signatures to be both deep
and broad. In view of their mid- to late Pleistocene age, the plutons are likely to be the still-cooling
magmatic heat sources for the active MLV hydrothermal system.

FUTURE PLANS

. Continue petrographic and mineralogic characterization of drill cutting and cores from MLV
thermal-gradient boreholes and production-scale geothermal wells.

. Continue assimilation and synthesis of the existing MLV database. Refine that database with input
from the first task, bulleted above.

. Continue preparation of field-wide stratigraphic, lithologic, structural, alteration, and
mineralization models for MLV.

. Map and characterize in particular detail the deep granitoid intrusions beneath the MLV geothermal
system.
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. With detailed knowledge of those intrusions and overlying alteration zoning, collaborate with D.L.
Norton to model mathematically the evolution of the hydrothermal system since initial igneous
intrusion. Prepare conceptual models for targeting permeability “sweet spots” in the MLV system.

. Continue with preparations to assist CEC with a planned scientific corehole in the Telephone Flat
portion of the MLV system.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

Our MLV work, based as it is upon a voluminous sample and database supplied by CEC, will clearly
benefit that company most directly. As the research is publically funded, however, it will also be of use to
other geothermal companies with interest in or leaseholdings on the Medicine Lake volcano (e.g. Calpine
Corporation). As always, many of our findings will be not only site-specifically beneficial, but will be
useful in exploration for, and characterization and development of, all such high-temperature
hydrothermal systems on a global basis.
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PROJECT BACKGROUND AND STATUS

In March of 1998, the Energy & Geoscience Institute (EGI) took possession of 1.1 km of continuous core
retrieved from the eastern and upper portion of the high-temperature, “andesitic” volcanic-hosted
Awibengkok geothermal system, West Java, Indonesia. EGI geoscientists had been on site earlier during
the actual drilling operations, to help assure careful retrieval and detailed description of the core
immediately upon its retrieval to the surface. The core is the “cornerstone” for a multi-year,
multidisciplinary research project involving National Laboratories, universities, various governmental
agencies, and Unocal Geothermal Indonesia (UGI), operators of the Awibengkok geothermal field. The
Awibengkok scientific consortium has made significant progress with its research efforts, initial results of
which were reported at a special session of the 1999 Geothermal Resources Council Annual Meeting in
Reno, Nevada.

PROJECT OBJECTIVES
Technical Objectives

. (Governing) — Through detailed study of the continuous Awi 1-2 core and ancillary data,
significantly improve understanding of reservoir controls in a large but otherwise typical, island-arc
composite-volcanic-hosted (“andesitic”), high-temperature geothermal system. Compare and
contrast the new information obtained from this study with corresponding data from other such
systems around the world, for example, the nearby Karaha-Telagabodas system, a portion of which
is vapor-dominated, and the Medicine Lake Volcano geothermal system, in northeastern California.

. Determine the origins, measure and map the configurations, and establish the interrelationships of
fractures, breccias, dissolution cavities, vesicles, and other voids which singly or in combination
serve as geothermal fluid conduits or storage sites. Study the relative influence of regional vs local
controls on development of these features. For example, to what extent are fractures and breccias
formed in response to far-field stresses vs those of local origin (e.g. overpressured thermal fluids).

. Determine lithologic controls on configuration of the geothermal system’s key components (e.g.
caprock vs productive reservoir, aquifers and aquicludes in the reservoir proper). In so doing,
establish a detailed volcanic stratigraphy potentially of use in indirect three-dimensional mapping
of discordant conduits such as fractures and pebble dikes.

. Ascertain the effects of penetrated igneous intrusions on the geometry of the geothermal system,
and on the compositions and textures of the reservoir rocks these igneous bodies invade.
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. Map in detail hydrothermal alteration mineralogy and zoning, not only in a gross vertical sense
with respect to the reservoir as a whole but also locally, for example selvages bordering veins as
well as rims and rinds on clasts and phenocrysts. Examine this information for correlations with
other rock and reservoir properties. For example, do certain alteration mineral assemblages and
zoning sequences show a systematic relationship to active thermal-fluid-flow conduits? Are
impermeable hydrothermal breccias differently altered than their permeable vuggy counterparts?
Investigate the utility of secondary-mineral zoning and paragenetic sequences in targeting
remotely, as well as mapping, potentially productive thermal-fluid conduits.

. Compare characteristics and controls of the Awibengkok system with those observed and inferred
for several late Cenozoic volcanic-hosted precious-metal deposits in the immediate vicinity,
especially the 2M oz, 8 Myr-old Pongkor deposit (Basuki et al., 1994) just a few kilometers to the
northwest of Awi.

. Reconstruct the hydrothermal history of the portion of the Awibengkok geothermal system
penetrated by the corehole. If possible, utilize this information to help predict changes in reservoir
characteristics with time and progressive depletion. As a particularly important module of this
work, investigate the possibility that a noncondensible gas cap had accumulated above this
shallowest portion of the geothermal reservoir.

. Measure multiple physical and mineralogic properties of the penetrated rocks, not only under
ambient conditions but also under simulated reservoir pressures and temperatures. Examine the
utility of this information in constraining interpretations of surface- and borehole-based
geophysical surveys of these and similar geothermal-reservoir rocks and the fluids they contain.

Expected Outcomes

. With the new information obtained from this investigation: (1) improve the odds of finding similar
volcanic-hosted geothermal systems in other volcanic provinces; (2) help reduce operators’ costs in
exploiting those systems already secured, including Awi itself; and (3) enable those operators to
prolong the systems’ productive lives through more informed long-term development strategies.

. A detailed picture of the Awibengkok geothermal system’s evolution since inception, especially:
(1) the nature and timing of events specifically linked to the creation, enhancement, or occlusion of
porosity and permeability; and (2) fluid sources, volumes, pathways, chemical transformations, and
thermal histories.

APPROACH

Acting as Chief Scientist for the Awibengkok project, J. Hulen first assembled a science team with a well-
established collective record for addressing and solving the types of research problems outlined in the
foregoing section. Many team members, for example, worked closely with Hulen on the Geysers Coring
Project, which has yielded valuable new insights into the origin, evolution, permeability structure, and
remaining water saturation of The Geysers vapor-dominated geothermal system, California. The
approaches implemented by several of these scientists were directly applicable to the Awibengkok
project. As an example, high-temperature adsorption experiments completed by Oak Ridge National
Laboratory will become ever more germane as the Awibengkok field matures, as its upper reaches are
predicted to develop production-induced steam caps, analogous in many respects to the natural vapor-
dominated system at The Geysers. EGI’s role in the Awibengkok project, as at The Geysers, is first of all
maintaining close communication among the team members, and also ensuring, to the extent possible,
that the investigators are working with the same carefully chosen representative sample suites. The
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information to be yielded from this collective approach far surpasses that produced by individual
researchers working in functional isolation. J. Hulen has undertaken to complete petrographic,
mineralogic, paragenetic, and geochemical characterization of all the study samples, to ensure uniformity
in comparing various laboratory measurements with corresponding natural rock properties. This baseline
geoscientific work is reviewed both internally and externally, so that bias and provincialism are cut to an
irreducible minimum.

RESEARCH RESULTS

At an inaugural EGI-based workshop for the Awibengkok geothermal research project (outlined in the
1999 “Research Summaries™), team members agreed to withhold publication of research results until the
1999 Annual Meeting of the Geothermal Resources Council. The Meeting was convened in Reno,
Nevada, with EGI’s Rick Allis as Technical Program Chairman, and J. Hulen as Chairman of a special
session of oral and poster presentations on the Awibengkok project. The talks and poster sessions were
accompanied by extended written documentation in the form of 6-8 page technical papers published in the
1999 GRC Transactions volume. Brief summaries of the presentations are as follows (See also the
“References” section of this summary).

Rick Allis (1999), utilizing an extensive suite of drilling and reservoir-engineering data provided in
support of the project by UGI, interpreted the complex contemporary hydrothermal conditions in the
vicinity of the Awi 1-2 scientific corehole. Among his important findings: (1) The dissolved gas content,
moderate temperatures (240-256°), and dilute nature (8500 ppm NaCl) of reservoir fluids in this part of
the field are consistent with overlying cooler waters mixing with the normally hotter and slightly more
saline Awibengkok brines. (2) Single-phase liquid conditions prevail between about 1030 m and 1602 m
depth (TD) in the Awi 1-2 corehole. Two-phase (boiling) conditions are present between the top of the
corehole and 1030 m. It is this two-phase zone wherein research yielding information on vapor-dominated
geothermal systems will be most applicable, as production likely will cause the two-phase zone both to
expand and to “dry out”, yielding higher-enthalpy reservoir fluids with time.

J. Hulen, Fraser Goff, and Giday Woldegabriel, the latter two scientists from Los Alamos National
Laboratory, summarized the abundant hydrothermal breccias penetrated by the corehole. Some of these
breccias were shown to be clearly intrusive, emplaced by upward-penetrating, overpressured thermal
fluids. Others were interpreted as subaerial fallout aprons — lithic-rich phreatic breccia apron. Surprisingly
and counterintuitively, this study has demonstrated that the breccias, although spectacular and commonly
highly vuggy features of the core, are anti-correlated with modern major fluid entries. Although once
highly porous and permeable by their very nature, the breccias must be tightly sealed on a scale larger
than the core diameter. The clear implication of this finding is that the porosities and permeabilities of
often gaudily-cemented and vuggy hydrothermal breccias (and equally attention-attracting open veins)
cannot necessarily be extrapolated to reservoir scale. In fact, the vuggy veins and breccias are, at least in
this case, more akin to vesicular volcanic rocks, with high but ineffective porosities — considerable but
isolated open space.

Greg Boitnott and Joel Johnson, of New England Research, Vermont, reported upon their laboratory
measurements of ultrasonic velocities in core as a function of changing effective confining pressures and
fluid saturations. Their findings on the Awi 1-2 cores were similar to those for samples from The Geysers
Coring Project. In particular, these investigators have shown conclusively that the dynamic shear modulus
of the rock matrix weakens in the presence of water. These conclusions will have direct application to the
interpreation of borehole-based sonic-velocity logs.

J. Hulen and Susan Lutz, both of EGI, described alteration mineralogy and zoning in the Awi 1-2 core.
These features are quite typical for andesitic systems. An upper argillic alteration zone overlies and
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argillic-phyllic zone, which in turn overlies a thick propylitic zone; the latter hosts the bulk of the field’s
productive thermal-fluid entries. The argillic and argillic-phyllic zones serve principally as top-seals, or
caprocks, on the underlying geothermal reservoir. One important finding, believed to be reported here for
the first time: Several clay-rich horizons in the cap, particularly a 20-m intevarl at the very base of the
argillic-phyllic zone, almost certainly were altered to clay first at the surface — they are in effect paleosols
which become caprocks through progressive burial and further mineralogic transformations (e.g., smectite
to illite/smectite). Many of these zones in the Awi 1-2 core have clay-mineral geothermometric signatures
much too low for the modern temperatures, indicating that the zones were effectively sealed from further
hot-water circulation when at a much lower temperature.

Joe Moore (EGI) and Dave Norman (New Mexico Institute of Mining and Technology) detailed their
initial findings, developed from fluid-inclusion microthermometry and gas chemistry, concerning the
thermal and chemical evolution of this eastern portion of the Awibengkok field. They found evidence of
two principal thermal events — the first yielded a highly saline fluid (17% NaCl equiv.) which deposited
calcite at temperatures near 270°C; the second, apparently affiliated with (and evolving toward) the
modern geothermal reservoir, produced lower salinity (<3.5% NaCl equic.) fluids at temperatures
between 202°C and 320°C. Variations in the temperatures, salinities, and gas contents of the fluids reflect
mixing between a high-temperature, moderate-salinity geothermal brine and steam-heated meteoric
waters. The early, highly-saline brine is probably of magmatic origin; it is spatially associated with a
thick, highly altered sill of microdiorite.

Greg Nash (EGI) reported on his nontraditional Geographic Information System (GIS) for the Awi 1-2
core. The system enables, among other “user-friendly” applications, linkage of any core images
(petrographic, electric-log, etc.) to a “map” of the actual core. In this fashion, a researcher can query any
section of the core (or its entire length) to access all available information thereon. Heretofore, such an
evaluation often meant a long trip to the core-archival facility together with lengthy communication with
each of the affiliated researchers. Not only are the savings in time and money significant, but the potential
depth of understanding for a given core and allied information has now reached hitherto unattainable
levels.

Finally, Jeff Roberts, Brian Bonner, and Al Duba (Lawrence Livermore National Laboratory) outlined
results of their research on electrical resistivity measurements on representative Awi cores saturated with
brine and at simulated reservoir conditions. This work followed closely their superb similar research on
samples from The Geysers Coring Project. Similar to that work, the Awi measurements have
demonstrated that resistivity gradually increases when pore pressure is decreased below the phase-
boundary pressure of free water. This is an indication that boiling is controlled not only by temperature
and pressure, but also by pore-size distribution. This work well might lead to a new geophysical tool for
delineating boiling zones in high-permeability areas of producing geothermal reservoirs.

Hulen also collaborated with Jim Stimac (Unocal Geothermal Philippines) and Fransiskus Sugiaman
(UGI) to produce a paper on volcanic stratigraphy, plutonic geology, hydrothermal alteration,
mineralization, and brecciation in Awi 1-2. The volcanic sequence penetrated in the corehole is explained
in terms of a volcanic-facies model, and the mechanism of paleosol formation and consequent
development of paleosol caprocks in tropical geothermal systems outlined. Stimac will present the paper
at the World Geothermal Congress in Japan this year. He will also present a companion paper on overall
stratigraphy and structure of the Awibengkok field.

FUTURE PLANS

The research results outlined above are provocative but preliminary. They are being followed up by much
more intensive studies expanded to include the entire core. The Awibengkok geothermal research project
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is scheduled for completion by October 2002. As the work progresses, results will be continuously
compared and contrasted with those for similar settings on a global scale — for example, not only the
nearby Karaha-Telagabodas system in West Java, but also the Medicine Lake Volcano geothermal system
in northeastern California.

Hulen and Susan Lutz are nearing completion of a field-wide petrographic study of cuttings from
throughout the Awi field. These results will be compared and contrasted with those for the core during the
current research year. At this point, we can say that a variety of felsic- to intermediate-composition
intrusives are likely to underlie the field at comparatively shallow depth.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

So far, the Awibengkok system has not proven to be atypical for “andesitic” high-temperature geothermal
systems (although it is certainly larger, at >330 Mwe, than most). Our results accordingly will escape
provincialism and be broadly applicable to such systems anywhere in the world. Of course, the field
operator, UGI, will benefit most directly from this research project, but geothermal companies in similar
terranes, for example, the Philippines and Central America, will also obtain information from the project
potentially beneficial for reducing risks and costs in the exploration for and development of a type of
system destined to provide an increasingly larger share of the world’s geothermal power.
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PROJECT BACKGROUND AND STATUS

This study is utilizes recently-summarized whole-rock oxygen isotope alteration data for The Geysers
(Moore and Gunderson 1995; Walters and Moore, 1996) to generate accurate natural state models of the
system. Work was begun in October 1998, and will continue until December 2000. Cross-sectional
(2-dimensional) models have been completed for the pre-boiling system, two-phase (post-boiling) and
3-dimensional models will be carried out in 1999-2000.

Contrasting deep and shallow reservoirs are a common feature in deep magmatic geothermal systems (e.g.
The Geysers, USA; Kakkonda, Japan). Typically these are attributed to presence of permeability
variations. At sites where the prevalent circulation paths can be determined, for example using rock
alteration, the fluid dynamics of such systems can be accurately modeled. These models demonstrate that
dual, hydraulically-connected reservoirs are a natural consequence of fluid dynamics and fluid critical-
point phenomena even in the presence of uniform permeability. Permeability variations exert final control
on the distribution of shallow lower temperature and deep high temperature reservoirs in these systems,
but fluid physics is the primary control.

Detailed modeling of fluid circulation and rock isotopic alteration at The Geysers geothermal system,
USA offers a clear view of these phenomena. Since the liquid phase is most efficient at isotopic
alteration, these models primarily treat the pre-boiling, natural state of The Geysers. The Geysers offer a
unique opportunity in the U.S. to study an active hydrothermal system where the plutonic heat source is
accessible. Natural state modeling of this system uses system-wide fluid mass and heat balances in space
and time to derive a general view of system characteristics and lifetime. The benefits of such an approach
at The Geysers are synthesis and advancement of our understanding of the nature and development of this
important geothermal resource based on fundamental physical principles.

PROJECT OBJECTIVES

The objective of the project is to develop a field-wide natural state model for The Geysers geothermal
system, California. Our goal is to develop the best possible understanding and model representation of the
development and early (liquid-dominated) history of The Geysers system, then to extend that model to
include the vapor-dominated natural state that existed prior to commercial development of the field. The
objective of this program is to provide a historical view of The Geysers geothermal system from magma
intrusion to the beginning of production. This view of the evolution of the entire system can provide an
improved context for local and system-wide production models at The Geysers, and hopefully allow pro-
active management of the production declines associated with this resource. A second objective of the
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project is to demonstrate the application of these methods to obtain information that can be very useful for
economic and production planning during initial geothermal development.

Technical Objectives

. Determine the primary controls on the distribution of rock isotopic alteration at The Geysers using
a cross-sectional single-phase model of fluid circulation and isotopic alteration (completed, see
Brikowski and Norton, 1999; Brikowski, 2000).

. Assess the impact of two-phase conditions (boiling) on the above cross-sectional analysis (in
progress, Jan. 2000)

. Evaluate origins of horizontal segmentation of The Geysers using three-dimensional models,
including two-phase conditions.

Expected Outcomes

. Integrated model of the development of The Geysers system, and rock alteration within it, in cross-
section through Geysers Coring Project hole SB-15D

. Quantitative assessment of the relative influence of caprock, recharge distribution, and two-phase
conditions on fluid circulation and rock alteration

. A flexible software tool for modeling fluid-rock oxygen-isotopic interaction in geothermal settings
APPROACH

Natural state, production, and economic models of geothermal systems are based on the principles of
energy, fluid mass and chemical mass conservation. In each model type, some initial state is assumed or
measured, and the model is used to predict the evolution, response, or productivity of the system from
that state using well-understood mathematical relationships. An historical model begins from a point
where the energy and mass distributions within the system are well known. Since no natural state model
has been made at The Geysers, production models are necessarily based on an incomplete understanding
of this distribution. Our analysis will begin from a geologically known condition, the initial appearance of
the heat source (magma intrusion). From this starting condition, the dissipation of the original thermal and
chemical energy of the intrusion into its host rocks can be calculated by the models. Our project will take
this approach, computing the temperature, pressure, fluid flow and chemical (d'*O) composition fields for
The Geysers geothermal/hydrothermal system from the time of its inception (magma intrusion) to a time
immediately prior to production. These models will be constrained (calibrated) using the current state of
the system, including the temperature and pressure fields, distribution of chemical and isotopic alteration,
and distribution of fractures and permeability. Two-dimensional models will be performed using a much-
modified version of Mariah (Gartling and Hickox, 1982; Brikowski, 1995) to model heat, liquid and 80
transport. Three-dimensional modeling plans to use a version of Tough2 modified for high temperature
fluids, and using the water-rock interaction code extracted from the modified Mariah.

RESEARCH RESULTS

Two-dimensional models of heat and fluid flow and '*O transport were made using a finite element model
over the cross-section depicted in Fig. 2. To allow for maximum solution stability, approximately
1000 quadratic triangular elements were used to discretize the system, with grid density concentrated
where high advection and reaction rates were anticipated. The top boundary of the model was held at
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constant temperature and pressure, model sides and base were treated as impermeable and insulating.
Repeated model runs were made, adjusting parameters until an adequate fit was achieved to observed
d'®0 alteration, geothermometers, and general constraints on surficial heat flow in the system.

Model results demonstrate a number of fundamental features of The Geysers hydrothermal system.
Perhaps of greatest significance are constraints on system lifetime. Purely conductive models of the
geometry shown in Figure 3 indicate a maximum lifetime of 0.5 Ma, convective models using the
indicated permeabilities reduce this lifetime to 0.35-0.5 Ma (Fig. 3, column 1). The youngest dates
available for the felsite are 1-1.5 Ma (Dalrymple, 1992; Hulen et al., 1997). This discrepancy indicates
that The Geysers natural state system has had a considerably more complicated intrusive and
hydrothermal history than is generally suspected.

Convection in the system is tightly constrained along the upward-sloping flanks of the felsite (vectors,
Fig. 3). The lower boundary of this flow zone is controlled by the permeability contrast between reservoir
and “basement felsite” rocks. The upper boundary of this zone is formed by localization of near-critical
fluid properties. Recall that heat transport and fluid flow properties reach extrema near the fluid’s critical
point (374°C and 220 bar for pure water). These properties are computed in the model using an accurate
numerical equation of state (Johnson and Norton, 1991). Heat capacity reaches near infinite values at the
critical point, and is a useful indicator of near-critical conditions. The central column of Fig. 3 shows the
development of a mantle of near-critical conditions in the host rock in the vicinity of the 375°C
temperature contour. This contour moves outward from the felsite until around 125 thousand years (Ka),
at the peak of hydrothermal activity, and then slowly retreats downward. By 240Ka critical conditions are
within the deep, low-permeability felsite, and effective hydrothermal circulation ceases in the system.
Hydrothermal circulation above the apex of the felsite is limited by the presence of the caprock, requiring
divergent flow in that area, and by the failure of near-critical fluid conditions to develop within the
greywacke reservoir there. Influx into the system is tightly channeled by these two phenomena, and is
localized deep on the flanks of the intrusive.

To investigate the alteration impacts of this localized convection, the '*O transport equation was solved
simultaneously with the heat and fluid transport equations. A single reactant mineral was assumed.
Average groundmass mineralogy of The Geysers host rock metagreywacke is approximately 40% quartz,
30% plagioclase (Moore and Gunderson, 1995). Lambert and Epstein (1992) note limited reaction of
quartz grains in the greywacke, suggesting the primary reactant mineral is plagioclase. Volume fraction of
plagioclase in rock was assumed to be 0.30, and volume fraction of mobile water in rock @ = 10°.
Isotopic parameters are the water-plagioclase isotope fractionation factor A = 2.61 x 10° and B = -3.7
(Javoy and Bottinga, 1973), unaltered rock 8'*Or = 14%,, and maximum alteration &"Or = 6%y, (Moore
and Gunderson, 1995).

Alteration in the system begins quickly, with notable rock alteration visible by 20Ka. By 50Ka, depleted
fluids have penetrated much of the way up the flanks of the felsite (upper right image, Fig. 4). Because
temperatures are high, rapid isotopic exchange is taking place, and the alteration progresses as a reaction
front up the stream tube formed by the permeability contrast and critical-properties zone. As fluids
approach the apex of the system, moving more sluggishly, they become enriched in 50 via exchange
with the rock and no longer produce noticeable alteration. Had the caprock been permeable above the
apex of the felsite, very strong convection would take place in that area, and a marked plume of "*O
-depleted fluids would alter the rocks in a vertical zone above the apex. The lack of such a pattern argues
strongly for the presence of an unbroken caprock throughout the effective hydrothermal lifetime of The
Geysers system. Although analysis of cores from well SB15d in this area support high fluid temperatures,
this is not consistent with the lack of strong '®O depletion in the shallow reservoir. Instead it seems that
the SB15d veins record small zones of penetration of the caprock that were geologically short-lived.
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FUTURE PLANS

Future plans are to perform two-phase (steam-water) flow and alteration models in the cross-section
described above, and to carry out simplified three-dimensional models of The Geysers system. Both
efforts will require considerable computer code development and modification.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

Results to date have been of great interest to present and former managers of The Geysers steamfield. In
particular the results of this project are expected to provide a fundamental basis for development of
production and management strategies at The Geysers.

REFERENCES

Brikowski, T. H. (2000). Using Isotopic Alteration Modeling to Explore the Natural State of The Geysers
Geothermal System, USA. Proceedings World Geotherm. Conf., Kyoto, Japan, 6 p., in review.

Brikowski, T. H. and Norton, D. (1999). An isotope-calibrated natural state model of The Geysers
geothermal system: Initial results. Geotherm. Resour. Council Transact., vol. 23, pp. 347-350.

Brikowski, T. H. (1995). Isotope-Calibrated Hydrothermal Models: Geothermal Implications of a Model
of the Skaergaard Intrusion. Geotherm. Resour. Council Transact., vol. 19, pp. 171-176

Cole, D. R. and Ohmoto, H. (1986). Kinetics of isotopic exchange at elevated temperatures and pressures.
Rev. in Mineral., vol. 16, pp. 41-90.

Gartling, D. K. and C. E. Hickox. (1982). MARIAH-A finite element computer program for
incompressible porous flow problems : Theoretical background. SAND79-1632, Sandia Nat. Lab.,
Albuquerque, NM.

Hulen, J. B., Koenig, B., and Nielson, D. L. (1994). The Geysers coring project a cooperative
investigation of reservoir controls in a vapor dominated geothermal system. Geotherm. Resour. Council
Transact., vol. 18, pp. 317-323.

Hulen, J. B., and D. L. Nielson. (1995). Hydrothermal factors in porosity evolution and caprock formation
at The Geysers steam field, California, insight from The Geysers Coring Project, Stanford Geotherm.
Pgm. Proceed., vol. 20, pp. 91-98.

Javoy, M., and Y. Bottinga. (1973). Comments on oxygen isotope geothermometry, Earth. Plan. Sci.
Lett., vol. 20, pp. 251-65.

Johnson, J. and D. Norton. (1991). Critical phenomena in hydrothermal systems: State thermodynamic,
electrostatic and transport properties of H2O in the critical region. Am. J. i, vol. 291, pp. 541-648.

Lambert, S. J., and S. Epstein. (1992). Stable-isotope studies of rocks and secondary minerals in a vapor-
dominated hydrothermal system at The Geysers, Sonoma County, California, J. Volc. Geotherm. Res., 53,
199-226.

Moore, J. N., and R. P. Gunderson. (1995). Fluid inclusion and isotopic systematics of an evolving
magmatic-hydrothermal system, Geochim. et Cosmo. Acta, 59, pp. 3887-3908.

3-134



Geothermal Energy R&D Program

RESERVOIR TECHNOLOGY

Walters, M. A., J. N. Moore, G. D. Nash, and J. L. Renner. (1996). Oxygen isotope systematics and
reservoir evolution of the Northwest Geysers, CA. Geotherm. Resourc. Council Transact., vol. 20, pp.

413-421.

Project summaries, preprints and model results can be viewed at http://www.utdallas.edu/~brikowi/

Publications/Geysers
CONTACTS:

Marshall Reed

U.S. Dept. of Energy
Geothermal Division, EE-122
1000 Independence Ave., SW
Washington, D.C.

Voice: (202) 586-8076

Fax: (202) 586-8185

Denis Norton

School of Thought

Box 310

Stanley, ID 83278

Voice/Fax: (208) 774-3735
Email: denis@ruralnetwork.net

e
[ —
i | by
\"'_l\._r: e I“r“.“lll.u | .
£ D R AT - .E m“-.,“.
i L‘l_\_:l i.
anazl|] —
| Twk |

Lgidi WTETICE
F !

Figure 1: Location of The Geysers showing
outline of the steam field and distribution of
felsite at depth (after Hulen and Nielson, 1995).

Coring project well SB15d and location of model

cross-sections shown near center of steam field.

Tom H. Brikowski
Geosciences, U. Texas-Dallas
P.O. Box 830688
Richardson, TX 75083-0688
Voice: (972) 883-6242

Fax: (972) 883-2537

Email: brikowi@utdallas.edu

David Blackwell

Geosciences, Southern Methodist University
Dallas, TX

Voice: (214) 768-2745

FAX: (214) 768-2701

Email: blackwel@passion.isem.smu.edu

£ il Fed A vkegt

(8 ST

f
_d':‘:"':lﬁ':u
Bl [ "

. I rre "-——."E"'\_thﬁ' -
-~ i

Vpcke Fazch & P!

Figure 2. SW-NE cross-section of The Geysers,
passing through well SB-15d, showing simplified

geology and oxygen isotope alteration (after
Hulen, et al., 1994). Location of well SB-15d
and cross-section line shown in Fig. 1.

3-135



RESERVOIR TECHNOLOGY U.S. Department of Energy

T 0 Fluid Cp (KJkg/*C) | 670 Alteration ()

L U T |
§ & 8 8 o 8/ 2 21 e 33 58
I I R M

e T s iR PR R LI R L i

Fipare 3: Tempermure, hem expacuy, sodl smripe almrenon reels (colomas) o 50Ka,
130Es, sl J00Ks frows). Color eales piven = jop of eolomes. Blsek veerors dhow
flow chrection, leapth proporuonal te weosdy (e eals mrow 2 baes of colames),
Horuponsl gesls pven & baes of eolomos, no vericsl exsppermion, sach panel a5 3.4 o
deso and 108 ko made. Felrd= and eeservour bonndmies showo by colorsd Lioes,

3-136



Geothermal Energy R&D Program RESERVOIR TECHNOLOGY

THE STABILITY OF THE VAPOR-PHASE TRACER R-134a

Michael C. Adams
Energy & Geoscience Institute
University of Utah
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fluoroform, The Geysers

PROJECT BACKGROUND AND STATUS

Vapor-phase tracers are useful in nearly all types of geothermal systems. They have been used in liquid-
dominated (Upstill-Goddard and Wilkins, 1995), two-phase (Bixley et al., 1995; Moore et al., 2000), and
vapor-dominated fields (Adams et al., 1991a; Beall et al., 1994; Beall et al., 1998). Vapor-phase tracers
are of particular and immediate importance at The Geysers because vapor-dominated systems are water-
poor and injection is a component vital to the longevity of the field. Artificial and natural tracers have
been used at The Geysers to identify and track the flow of injected water and to evaluate the recovery of
injectate. However, the natural tracers have become ineffective as the surface facilities were adapted to
conserve steam for reinjection, and the most successful artificial tracers, chlorofluorocarbons, were taken
off the market because of their deleterious effect on ozone concentrations in the upper atmosphere. R-
134a and R-23, both hydrofluorocarbons, were proposed in 1997 as substitute geothermal tracers for the
chlorofluorocarbons (Adams, 1997). Several successful field tests have now been performed using R-
134a and R-23 (Adams, 1999; Beall et al., 1998). During the past year we have focused on laboratory
tests to quantify the thermal stability of R-134a in pure water. These tests are now complete (Adams and
Kilbourn, 2000).

R-134a is a replacement for some of the chlorofluorocarbons previously used in refrigeration, air
conditioning, foam blowing, pharmaceutical inhalers, and fire suppressants. Like the chlorofluorocarbons,
many of the hydrofluorocarbons are inflammable, non-toxic, and relatively inert. The toxicity of
hydrofluorocarbons is generally even lower than that of corresponding brominated and chlorinated
hydrocarbons because of the higher stability of the carbon-fluorine bond. R-134a has a very low acute and
subchronic inhalation toxicity, has no chronic toxicity, and is neither a developmental toxicant nor
genotoxic. Hydrofluorocarbons are, however, somewhat less stable at high temperatures than the
chlorofluorocarbons. They are also less detectable using an electron capture detector, which was the
preferred method for the chlorofluorocarbon tracers. However, an analytical method has been developed
by Thermochem, Inc., which yields detection limits on the order of 10 to 100 parts per trillion. This
method uses an enrichment procedure coupled with gas chromatography. A megabore porous polymer
capillary column is used to separate the tracers from each other and from potentially interfering
compounds. A modified Halogen-Specific Detector is used for detection.

Hydrofluorocarbons do not contribute to ozone depletion in the atmosphere because they do not contain
chlorine or bromine atoms. Their vapor pressures are similar to their chlorofluorocarbon analogues, but
they are considerably more soluble. A comprehensive list of hydrofluorocarbons and their properties can
be found in Adams et al. (1991b).
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PROJECT OBJECTIVES

Technical Objectives

Evaluate the cost, availability, toxicity, detectability, and solubility of the hydrofluorocarbons.
Test their stability in the laboratory at temperatures typical of geothermal systems.

Test their interactions with rock and some common geothermal gases at temperatures typical of
geothermal systems.

Perform field tests in conjunction with industry to determine their efficacy under actual field
conditions.

Inject them simultaneously with tritium to evaluate their performance.

Compare the results of tracer tests performed in identical locations but using tritium,
chlorofluorocarbons, or hydrofluorocarbons separately.

Expected Outcomes

Provide as many proven vapor-phase tracers for The Geysers as possible. Only a few of these will
be inexpensive enough to use routinely. The rest will be used for special cases when multiple
tracers are needed. This will allow industry to:

1. Plan and change injection-well flow rates and locations.
2. Calculate injection recycling.
3. Calculate increased power output or increased reserves due to effluent injection projects.

Evaluate the effects of tracer volatility on the calculation of injection recovery.

APPROACH

Contact manufacturers and vendors to determine species, cost, and availability of volatile
hydrofluorocarbons.

Evaluate detectability in conjunction with commercial analytic laboratories to determine routine
analysis procedures.

Perform preliminary laboratory tests to determine thermal stability. The procedures used are
described on our web site (http://www.egi.utah.edu: choose Geothermal Energy from the top page
and then chemical tracer development from the text, last paragraph) and in our previous
publications.

Perform field tests to qualitatively determine stability under actual conditions.

Perform detailed laboratory tests to quantitatively determine stability under conditions that include
some geothermal gases and rock.

RESEARCH RESULTS

Our search indicated that the most affordable species of hydrofluorocarbon is R-134a, or
tetrafluoroethane. An analogous compound, R-23, or fluoroform, is more expensive but still economic for
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a tracer test at The Geysers. R-23 and R-134a are more soluble in water than their respective
chlorofluorocarbons. At one bar of gas pressure the solubility of R-23 and R-134a are 0.1% and 0.15%,
respectively. The detection limit has been determined to be in the lower parts per trillion in laboratory and
field studies (Adams and Kilbourn, 2000). Our preliminary laboratory experiments predicted that R-134a
would be stable enough to use in The Geysers normal reservoir.

Seven field tests of the hydrofluorocarbon were conducted at The Geysers during 1998 and two more
during 1999 based on the results of our preliminary experiments. The first of these is discussed in (Beall
et al., 1998) and the rest in (Adams et al., 1999). Eight of the nine tests were cost-shared by DOE and
industry. The tests were considered a success by the industry participants. The criteria used to determine
success were: 1) mass recovery of the tracer, 2) similarity with previous R-13 or tritium tests, and 3)
similarity of tritium, R-134a, and R-23 curves in simultaneous injection experiments.

The results indicate that the decay of R-134a in pure water follows a pseudo-first order rate law, given by
the relationship:

—e (1

where C is the tracer concentration after heating, C" is the initial concentration, k is the rate constant, and
t is time.

The temperature dependence of the decay rate is given by the Ahrrenius equation:

lnk:—E—rj[%j+lnAo (2)

where Kk is the rate constant, E, is the activation energy, R is the Universal Gas Constant, T is temperature
is degrees Kelvin, and A, is the collision frequency factor. The kinetic parameters were derived from the
raw data using linear least squares regression. These constants and the fit statistics are listed in Table 1.

Table 1. Summary of kinetic parameters derived from the data in Table 3.
270°C: k=1.72x 107 s

Coefficient of Determination, r* = 0.92
13 data points

290°C: k=4.97x 107 s
Coefficient of Determination, r* = 0.90
15 data points

310°C: k=1.47x10%"
Coefficient of Determination, r* = 0.90
15 data points

E,=140,916 J/mol

In(A)=15.655"
Coefficient of Determination, r* = 0.999
3 data points
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The constants in Table 4 can be combined into the simplified expression:

_ _ 16,969
In(k) =27.02 @251 (3)

where temperature is in degrees Celsius and K isin days™. The rate can then be used with equation 2 to
calculate the amount of decay expected at a given temperature. A plot such as figure 3 can also be used to
estimate the amount of decay during a tracer test at a given temperature. For example, a tracer test
conducted in the normal reservoir at The Geysers (~240°C) lasting 50 days at a maximum temperature
would result in approximately 12% decay of R-134a.

The same test conducted in the high-temperature reservoir (>300°C) would result in 90% decay.
However, R-134a may still be useful at high temperatures because of its excellent detection limit.

The indications from our initial tests of R-23 are that it is as stable or more stable than R-134a.
Consequently, the diagram in Figure 3 could be used for R-23 until better data are available.

1

C/Cco

Time (days)

Figure 3. Time-decay plot for various temperatures. The plot was made using the kinetic parameters
listed in Table 4.

FUTURE PLANS

Our stability studies of R-134a and R-23 in the presence of rocks and geothermal gases will continue
during FY2000. In addition, we will complete our thermal stability studies of R-23 in pure water.
Potential tracers that are more soluble will be examined to try and develop steam-phase tracers that will
boil at the same rate as water. For example, some of the alcohols would be suitable if a more sensitive
analytical method were developed (Adams, 1995). The equation-of-state for the perfluorinated
methylcycloalkanes currently being developed by Ryan Mcmurtrey under the direction of Robert Fox at
INEEL will be used to examine the suitability of these compounds as geothermal steam or liquid tracers.
Researchers using numerical models to simulate vapor-phase tracer tests have begun incorporating the
stability and solubility of vapor-phase tracers into their modeling codes and are getting results that bear on
the saturation and thermal draw down of vapor-dominated reservoirs (Preuss et al., 2000; Trew et al.,
2000).
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INDUSTRY INTEREST AND TECHNOLOGY TRANSFER

Organization Type and Extent of Interest
Calpine Corporation Cost-shared tracer tests at The Geysers CA
Unocal Geothermal Inc. Cost-shared tracer tests at The Geysers CA
Northern California Power Agency Cost-shared tracer tests at The Geysers CA
Utah Municipal Power Agency Cost-shared tracer tests at Cove Fort
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MICROSEISMIC MONITORING AT THE GEYSERS

A. Kirkpatrick, E.L. Majer and J.E. Peterson, Jr.
Lawrence Berkeley National Laboratory

KEY WORDS
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PROJECT BACKGROUND AND STATUS

It has been demonstrated by several investigators that microearthquake occurrence at The Geysers
geothermal area is associated with both water injection and steam extraction (e.g., Eberhart-Phillips and
Oppenheimer, 1984). However, the relevant changes in subsurface conditions caused by these activities,
and the mechanisms by which these changes cause microearthquakes (MEQs) remain unknown. If more
were understood about the relationships between these processes, then MEQ occurrence and
characteristics could possibly serve as indicators of reservoir conditions, and thus be used as a reservoir
management tool. There have been two main changes in injection operations in the SE Geysers during the
Lawrence Berkeley National Laboratory (LBNL) monitoring period, the 1994-95 DV-11 injection test
and start of the Lake County water injection project in late 1997. Questions on the effect of the increased
rate of injection from both the reservoir management and public acceptance viewpoints needed to be
addressed.

In order to collect data to address these questions, LBNL installed a network of digital seismometers at
the SE Geysers in 1993. The network operated from January 1994 through September 1995 and from
August 1997 through March 1999. This network and results of several studies utilizing the data that were
obtained, have been described in several papers (e.g., Kirkpatrick et al., 1995, 1996, 1997). In addition,
Calpine operates a network of analog seismometers (formerly owned by Unocal Geothermal) over a
larger area of The Geysers, and provides a catalog of MEQs hypocenters in the SE Geysers to LBNL. The
locations of both networks are shown in Figure 1.

While the LBNL network is capable of locating events more accurately than the Calpine network, and can
be used for more sophisticated source mechanism analysis, the Calpine network has operated for a long
period of time with great reliability and is thus invaluable for studies of MEQ rate variations over time.
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Figure 1. MEQ monitoring networks at The Geysers.
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In 1999 the monitoring of the SE Geysers by LBNL stopped in March. It was felt that enough data had
been acquired to examine the effect of the increased injection from the Lake County pipeline. Emphasis
shifted to examining the temporal change in reservoir seismicity and the characteristics of the data.

PROJECT OBJECTIVES

The general objective of the project is to evaluate the utility of high-resolution MEQ monitoring as a
reservoir management tool. Understanding the relationship between reservoir production activities and
MEQ generation and occurrence, may help elucidate the effects of these activities on the reservoir and
provide information useful for optimal management of the geothermal resource.

Technical Objectives

. Develop three-dimensional P- and S-wave seismic velocity and attenuation models for the SE
Geysers.

. Locate hypocenters of MEQs occurring within the SE Geysers and characterize seismicity patterns.

. Determine MEQ source parameters such as size (magnitude, moment), stress drop, and focal

mechanisms (moment tensors).

. Relate all of the above to reservoir parameters and processes such as lithology, location and nature
of fracturing, steam occurrence, steam withdrawal, liquid injection, and reservoir pressure,
temperature and degree of saturation.

Expected Outcomes

. Velocity structure and seismicity patterns to be used to characterize the subsurface in areas not
sampled by other means, and to evaluate these areas as possible drilling targets.

. Monitoring changes in velocity structure, seismicity patterns, and source mechanisms through time
to be used to devise optimal withdrawal and injection strategies.

. Greater understanding of the nature of seismicity in vapor-dominated geothermal systems, and of
the physical effects of steam withdrawal and liquid injection.

APPROACH

In 1994 and 1995, the MEQ array at the SE Geysers consisted of 13 stations located over a 7 km by 4 km
area. Vertical and horizontal ground velocity was continuously monitored at each station by three-
component, 4.5 Hz geophones installed on the surface, and digitized at 480 samples/sec. The data were
telemetered to a central site where the full-waveform data for triggered events were recorded on tape, and
later brought to LBNL for processing. Starting August 1997, data have been collected at 12 stations.

Automatic P-wave picking and locating is applied to all triggered events; P- and S-wave arrival times are
then manually picked for all events so located within the SE Geysers study area. The events are then re-
located using the hand-picked arrival times and a three-dimensional Vp and Vs model. Source parameters
are obtained from the amplitudes and polarities of the P- and S-wave pulses, using a moment tensor
inversion procedure. Summaries of these results were sent to representatives of The Geysers operators
(Unocal, Calpine, and NCPA) and collaborative work is performed in relating the information to reservoir
parameters.
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RESEARCH RESULTS

P- and S-wave arrival-time data were inverted for 3-D seismic velocity structure for two time periods
separated by approximately five years: January through June 1994, and October 1998 through March
1999.

The results indicate that Vp increased during this time period over much of the study area, by a factor of
up to 4%. Previous investigators (Foulger et al., 1997) found that Vp/Vs ratios decreased by up to -4%
over the time period 1991 to 1994 in a portion of the field northwest of our SE Geysers study area. The
decrease was due mainly to a decrease in Vp, and was attributed to desaturation of the liquid faction in the
reservoir. Although dry steam is produced by The Geysers wells, it is thought that most of the fluid is
stored in liquid form in the reservoir pore spaces, and boils after steam is extracted from the fractures and
the pressure declines.

Initially, condensate from the power plant cooling towers and seasonal surface runoff was collected and
injected into the reservoir in an attempt to recharge part of the produced fluid. In late 1997, the Southeast
Geysers Effluent Pipeline Project (SEGEPP) was completed and treated sewage effluent from Lake
County began to be piped to the SE Geysers, dramatically increasing the amount of fluid injected into the
reservoir. The increase in Vp from 1994 to 1998/99 may be due to resaturation of the reservoir caused by
the injection of this fluid.

During the first six months of 1994, 1069 events were located in the SE Geysers using the LBNL seismic
array. Of these, 376, with 3081 hand-picked P-arrivals and 1667 S-arrivals, were chosen to be used in the
seismic velocity inversion. First, a one-dimensional Vp and Vs model, varying only with depth, was
obtained using the progressive inversion method of Thurber (1983). The 1-D model was then used as the
starting model for the 3-D Vp and Vs inversion using Thurber’s method as modified by Michelini and
McEvilly (1991). A horizontal node spacing of 1 km and a vertical node spacing of 0.5 km was used. The
ray-density through the 3-D model was plotted and showed that the layers at depths of -0.5 and -1.0 km
msl are the best resolved. Use of the 3-D model results in a 42% reduction in arrival-time variance from
the 1-D case, and the final Root mean square (RMS) arrival-time residuals were 0.020 s.

The 3-D inversion was then repeated using data from the last three months of 1998 and the first three
months of 1999. Out of 3800 events, 355, with 3056 P-arrivals and 1291 S-arrivals, were chosen to be
used in the inversion. The 1994 one-dimensional model was again used as the starting model for the 3-D
Vp and Vs inversion. A 60% reduction in arrival-time variance was achieved and the final RMS arrival-
time residuals were 0.015 s. The ray density through the 1998/99 three-dimensional model is very similar
to that through the 1994 model and lends confidence to a comparison of the two models.

The 1994 one-dimensional model shows low Vp/Vs ratio at all levels, with particularly low Vp/Vs at a
depth of -0.5 km. msl. This elevation corresponds to the uppermost part of the steam reservoir and may be
the most depleted zone. Low Vp/Vs ratios have also been obtained by other investigators in other areas of
The Geysers reservoir (O'Connell and Johnson, 1991; Romero et al, 1995; Julian et al, 1996) and have
been attributed to undersaturation of the rock matrix, which would tend to lower the bulk modulus,
lowering Vp. In addition, laboratory measurements on Geysers core material have shown that Vp/Vs is
lowered as matrix material is desaturated; however, it is not known if the bulk field properties are affected
in the same way.

The three-dimensional Vp and Vs models were plotted as deviations from the average velocity of the
1994 model in each layer. There are high-velocity anomalies in Vp and in Vs in the northwestern part of
the SE Geysers study area in both the 1994 and 1998/99 models. There is a low-velocity zone slightly
northeast of center, which is more pronounced in the 1994 model.
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The high-velocity anomaly correlates well with the position of the felsite intrusion in the SE Geysers. To
test the assumption that the felsite intrusion was being imaged, a synthetic test was performed with the
1994 data. The felsite is expected to have higher P- and S-wave velocity than the main greywacke and
other metamorphic assemblages into which it is intruded because it is less fractured than these units. In
addition, a downhole VSP experiment that penetrated the felsite indicated that the Vp of the felsite was
approximately 5% greater than that of the overlying rocks.

In the test, a constant background velocity was assigned to each layer, and the felsite body was
parameterized by assigning 5% higher Vp and Vs values to the nodes occurring within the felsite.
Synthetic arrival times were calculated through this structure for the 1994 hypocenter-station pairs, and
were then inverted using the same parameters as the real inversion. The high-velocity synthetic structure
was recovered very well. The results were examined as deviations from the average velocity in each layer,
so that they could be compared to the real inversion plots.

In the best-resolved layers (at -0.5 and -1.0 km msl) the Vp increased by a maximum of 4% form 1994 to
1998/99. This may be caused by the resaturation of the reservoir rocks due to increased injection resulting
from SEGEPP. Injection into the SE Geysers went from an annual level of approximately 20 billion Ibs
per year before the startup of SEGEPP, to approximately 44 billion lbs per year following the start-up.
The operators estimate that only about 50% of the injected water is being recovered as steam.

S-velocity values changed less than Vp, and did not show an overall increase or decrease. Higher
damping was applied to the S-model in the inversions because of the lower number of S-arrivals and the
higher uncertainty in S-arrival time values. The values are not shown because of low confidence in the
results. The geophones were deployed on the surface; borehole installation might improve S-arrival
picking accuracy and number and thus Vs-model confidence. However, Vp results and the accompanying
changes were similar when only P-arrival times were inverted, as Foulger et al. (1996) have suggested.
Therefore, monitoring of pore-fluid properties using periodically collected P-phase data alone may be
possible.

DISCUSSION AND CONCLUSIONS

Spatial correlation with the amounts of water injected into each injection well is not clear. Tracer tests
indicate that injectate generally migrates in a north-northeast direction from the injection wells. This may
explain why the southwest nodes in the 3-D model showed small increases and decreases, while the
northeast nodes presented the greatest increases. Variations in fracture patterns may also control the fate
of the injected water. The SE Geysers field is characterized by blocks containing low-angle,
discontinuous fractures bounded by high-angle, continuous fractures (Beall, and Box, 1992) and some
injectate may be escaping deep into the reservoir along these fractures. The general conclusions of the
seismic velocity analysis are:

. Low Vp/Vs ratios are characteristics of the SE Geysers reservoir

. Lowest Vp/Vs ratio corresponds to top portion of steam reservoir.

. Lateral high Vp- and Vs-anomalies is probably caused by the presence of the felsite intrusion.

. Vp increased up to 4% over a five-year period; possibly due to an increased saturation of reservoir

associated with an injection rate increase of more than 100% over same time period
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FUTURE PLANS

The MEQ data recording and analysis by LBNL has ended at The Geysers. Calpine would like to upgrade
the present field-wide array to have similar capabilities as the present LBNL system. This would allow
them to obtain three-component data, gather better event location information, and provide a means for
the data to be transferred to the public. Due to concerns over the effects of increased production and
injection and to provide complete accessibility to the public, Calpine feels that any upgraded array should
be operated independently of their own Geysers activities.

INDUSTRY AND TECHNOLOGY TRANSFER

The project has been a joint DOE-Industry (Unocal, Calpine, and NCPA) project. The companies
provided field support, injection and production data, as well as a list of MEQs recorded by the Unocal
(now Calpine) network. Meetings are held periodically to discuss research results, directions, and
priorities.
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MONITORING H,S AT THE GEYSERS
BY CROSS-DISPERSION INFRARED SPECTROMETRY

Charles G. Stevens, James R. Curry, and Carol J. Bruton
Lawrence Livermore National Laboratory
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PROJECT BACKGROUND AND STATUS

To reduce chemical costs at geothermal power plants, we are investigating the use of a new type of
infrared (IR) field spectrometer under development at LLNL (Stevens et al., 1995). There is currently no
satisfactory way to continuously and accurately monitor the H2S content in the various streams without
manpower requirements for sampling, calibration and maintenance. Contact measurement such as thin
film resistance is subject to corrosion and fouling in extended operation. Furthermore, optical monitoring
of reflectance changes on lead acetate tapes are subject to drifts that require regular re-calibrations and
maintenance. A non-contact optical device, such as the echelle grating spectrometer (EGS), has the
potential to meet the requirements for continuous and reliable operation. A key feature of this optical
instrument is its capability to simultaneously measure wavelengths where H,S absorbs light and
neighboring wavelengths where it doesn’t. This provides a built in calibration source that eliminates one
of the major cost factors associated with conventional sensors.

Following power generation, H,S is present in the Geysers steam at highly variable levels ranging from
~150 to >2000 ppmw (Truesdell et al., 1992). Processes based on oxidizing sulfur to less toxic forms are
used to abate the H,S. In one process, an iron chelate (FeHEDTA, where HEDTA =
hydroxyethylethylenediaminetriacetic acid) is used to oxidize H,S. Portable analyzers are used to measure
H,S emissions at 36 sample points per cooling-tower cell. The amount of reagent added to the condensed
steam is based on the amount of H,S measured in the incoming steam. Given the wide variability of H,S
content and the noncontinuous nature of the sampling, the power plant operator must use enough iron
chelate to oxidize the highest level of H,S measured. Because iron chelate is an expensive oxidizing
agent, the power company could reduce reagent use and thus cost if continuous H,S monitoring were
available to help determine precise iron chelate requirements.

Last year we field tested the spectrometer at a geothermal power plant then operated by Pacific Gas &
Electric Company (now operated by Calpine) in The Geysers geothermal field in California. To meet air
quality requirements, H,S emissions from this power plant must be limited to less than 22 kg/h. During
this field test, we used the EGS to measure the H,S concentration in the plant steam condensate. In
laboratory experiments we demonstrated that the instrument was sensitive enough to measure H,S
continuously in this stream down to ~ 10 parts per million in a 1 meter pathlength with a 1 minute
observation time. In the field, however, it was discovered that the noise floor had increased by a factor of
30 over the laboratory value. Understanding and eliminating this excess noise source is necessary to
establish the utility of the instrument for this application.

PROJECT OBJECTIVES

The overall objective of this project is to develop and test a new type of infrared spectrometer that will be
capable of monitoring H,S emissions at The Geysers accurately, reliably, and continuously in a cost
effective manner.
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Technical Objectives

. Improve the performance of the echelle grating spectrometer to meet the sensitivity requirements of
this application

. Design and develop a longer wave instrument that has the potential for directly monitoring H,S
emissions from the cooling towers

. Perform a cost analysis of the infrared spectrometer and compare to alternative commercial H,S
monitors for both capital and operating costs

Expected Outcomes

. Reduce chemical costs at geothermal power plants by deploying a new type of IR field
spectrometer under development at LLNL

APPROACH

Our approach is to capitalize on recent developments in infrared instrumentation taking place at LLNL for
other programs. The instrument is called the echelle grating spectrometer (EGS), has no moving parts,
and is based on cross-dispersive infrared spectrometry. This spectrometer approach allows spectral
snapshots of an entire infrared spectral region with sufficient resolution to isolate individual spectral
transitions in molecules. This provides a unique spectral signature for each molecule. The EGS uses a
very coarse echelle grating operating in high order to yield high spectral resolution in a small package.
Because it has no moving parts it is intrinsically robust for field operation and, when coupled with
modern infrared (IR) detector arrays, can be more than 100 times more sensitive than existing IR
instruments. This increase in sensitivity allows us to accurately, reliably and continuously monitor H,S
emissions. The intrinsic absorption strength of H,S is weak compared to most molecules and monitoring
its concentration at the ppm level represents a significant measurement challenge. We are developing
hardware and software implementations that enhance the performance of the instrument for this
application.

RESEARCH RESULTS

Our first task was to address the source of excess noise experienced in our Geyser field study last year.
We conducted a series of experiments that demonstrated the noise was due to the interference between
different optical modes transmitted by the fiber optic input to the spectrometer. The optical modes of the
fiber were not completely filled and this was creating an interference pattern at the focal plane. The
intensity of the pattern was such that only when attempting to make measurements at 0.1% precision or
better did this problem arise. An optical input lens was designed, fabricated and tested for improved
performance. This lens consists of a micro-lens array designed so that it provided individual input
injection to each fiber in the fiber array at an angle calculated to most nearly fill the modes. Experiments
were conducted that demonstrated a reduction in susceptibility to modal noise by a factor of 45 over the
original configuration. A return to the Geysers in early FY0O0 is scheduled to test this configuration in the
field.

In addition to the mode noise issue we also improved our rate of data acquisition to enable good photon
statistics (better measurement precision) in a shorter period of time. The detector array data acquisition
timing is controlled through a set of timing tables contained in processor memory. New tables were
created which implemented pseudo snapshot data collection for only a segment of the spectrum projected
on the detector array. This set of tables "skipped" over the columns not of interest on the first clocking
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cycle of the array, and reset the pixels of interest. On several subsequent clocking cycles the entire array
was neither read nor reset. This period is the integration time of the instrument. After the integration
passes are complete, a final clocking pass is made reading only the pixel region containing H,S spectral
region. A twenty-fold increase in the data acquisition rate was achieved in this manner.

In conjunction with another program, we designed a new instrument that operates in the long-wave IR
spectral region between 8 and 14 microns. The spectrum of H,S is approximately 10 times stronger in this
region than it is in the current wavelength region. In this spectral region the instrument is sensitive to
thermal radiation from the molecule and as such it can directly view the H,S in the plume above the
cooling towers from a remote location. This provides a direct monitor of the actual H,S being released to
the environment.

A cost analysis of the two approaches to optical monitoring of the H,S has been initiated. Also included
in this analysis is a comparison with alternative measuring techniques. It is expected that this analysis will
be completed in January, 2000.

FUTURE PLANS

We will test the performance of our fiber filling lens system designed to reduce the fiber ‘modal’ noise
problem in a series of field tests scheduled for November, 1999. These tests will be conducted at Northern
California Power Agency plant #1 at The Geysers.

We will adapt our long-wave infrared sensor design for performance which is optimized for the detection
of H,S in a cost effective manner. The design effort will consist of two parts. The first part is the
adaptation of an existing design toward a dedicated H,S detector. This would utilize an H,S ‘mask’ in the
focal plane of the cross-dispersion spectrometer that would pass only H,S lines onto a single detector,
thereby eliminating the requirement for costly detector arrays. The second design is based on a high
resolution etalon filter that would measure absorption or emission from a single H,S absorption line. This
will be explored as a potential high performance and low cost option. The performance and cost figures of
merit for these two approaches will be completed and reported.

INDUSTRY INTEREST AND TECHNOLOGY TRANSFER
Organization Type and Extent of Interest

Pacific Gas and Electric Company (PG&E) Tests of the EGS at a PG&E geothermal power plant
at The Geysers in 1997

Northern California Power Agency(NCPA) Tests of the EGS at geothermal plant #1 for
potential replacement of H,S monitoring equipment
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PROJECT BACKGROUND AND STATUS

Our studies have focussed on the post-Oligocene alteration of the Jurassic reservoir rocks at Dixie Valley
and the relationship and cumulative effect of these alteration events upon the permeability of the current
geothermal reservoir. In the well cuttings, much of the secondary mineralization appears to represent
older hydrothermal events associated with andesitic dike intrusion and the e